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ABSTRACT 
Indoor thermal comfort and its consequent energy consumption, are an increasingly 
important area of consideration in both developed and developing countries. The Gulf 
States, characterised by their composite extreme hot-humid climate and Air-
conditioning dependent society are renowned for their high energy consumption. The 
main aim of this research is to review and report on ways to enhance occupant thermal 
comfort in homes through improved building and system design and use that minimises 
energy consumption possible, in the extreme climate of Dammam, Saudi Arabia. The 
thesis does this by measuring and analysing the thermal performance of the buildings, 
the thermal satisfaction and comfort responses of their occupants and the energy 
consumption in them during August 2013 for the summer period and January 2014 for 
the winter period of the study. The comfort of occupants was assessed using the adaptive 
thermal comfort method. Neutral indoor air temperatures were, in several homes, 
surprisingly high. Moreover, most of the studied dwellings do not represent thermally 
comfortable homes as defined within either PMV or adaptive comfort limits. The study 
went on to review a broad range of factors that might strongly influence neutral 
temperatures indoors including the properties of the dwellings, occupant behaviours and 
attitudes towards high energy demand, loads and costs. The findings are discussed and 
conclusions drawn on individual design features that contribute to the comfort or 
discomfort experienced by occupants. It was found that lifestyle, attitudes and other 
socio-cultural factors have a clear influence on the comfort and in turn energy use in 
individual dwellings. Although several respondents did not sincerely care about the 
electricity as it is cheap, in late 2015 the Saudi government hiked the price of domestic 
energy bills by 60% as a result of low oil prices, putting pressure on many ordinary 
families to take more notice of their day to day living expenses. The recent electricity 
price hike provides an economic impetus for the design guidance proffered in the 
conclusions of this thesis to be taken seriously by householders and implemented by 
both them and regulating authorities in order to enhance domestic buildings and in turn 
reduce the CO2 emissions to the global atmosphere. The conclusion of this study is 
broadly applicable to other regions with similar climatic conditions and cultural contexts 
such as the Gulf countries. 
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 INTRODUCTION  
 “The more important reason is that the research itself provides an important long-run 
perspective on the issues that we face on a day-to-day basis” 
 Ben Bernanke  
Chapter one: Introduction 
 
2 
Energy services are a crucial input to the primary development challenge of providing 
all the necessities for living, including food, shelter, clothing, water, sanitation, medical 
care and schooling, with their role recognised in supporting the provision of the primary 
needs for all aspects of comfortable living. However, since the noticeable, continuing 
decline of non-renewable energy resources all over the world, and the growing 
awareness of global problems such as the impacts of the built environment on climate 
change and environmental degradation, there is a growing global scientific agreement 
on the need to reduce energy consumption in buildings. Over the past few decades, 
buildings have been recognised as a key contributor to global energy consumption, 
accounting for around 40% of the world's energy consumption (Ghiaus and Inard, 2004, 
cited in Hammad and Abu-Hijleh, 2010 P:1888). Buildings are also accountable for 
around the half of the total global carbon dioxide (CO2) emissions (Roaf et al., 2010), 
not to mention that some evidence suggests that climate change and global warming are 
the results of anthropogenic discharges of greenhouse gas emissions from buildings 
(Karl et al., 2009). 
Responding to these issues, there is also substantial interest in many developing 
countries in moving towards ecological building solutions in order to protect the 
environment. These solutions involve addressing both energy and environmental 
concerns, by creating climatically responsive buildings that succeed in delivering 
adequate internal conditions with less environmental impact. Additionally, as climate 
differs by latitude and altitude, suitable architectural solutions for the particular place 
have to be contrived (Roaf et al., 2013). Vernacular architecture built by local people 
has been proved to be responding closely to the sociocultural requirements (Givoni, 
1998), as it offers architectural solutions for their ecological niches (Roaf et al., 2013), 
and is expected to be an inspirational source for today’s architectural practice. Although 
many studies have been published so far on how to reduce buildings’ emissions by 
integrating renewable energy systems from a mechanical and constructional point of 
view, standards of thermal comfort and its association with occupants’ behavioural 
strategies are very seldom studied (Roaf et al., 2010).  
Additionally, due to rapidly escalating populations on most of the world, on one hand, 
and high economic growth levels on the other, the world is experiencing, in many 
regions, critical infrastructure expansions that are often challenging to manage. With the 
rapid climate change becoming manifest also in many regions resulting both from 
upsurges in emissions and accelerated natural effects like the El Nino effect, the human 
Chapter one: Introduction 
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species may struggle to survive (Roaf et al., 2009). Politicians around the world are 
aware of the imperative of taking immediate action to oppose the consequences of 
serious hazards for future generations and the move towards low carbon buildings is 
widespread as is the move to running them of renewable energy sources such as solar 
technologies. However much of the current legislation pays no attention to the role of 
occupants in reducing energy consumption while at the same time achieving sufficient 
thermal comfort in contemporary buildings. As a consequence, the trend towards 
counteracting the warming climate being framed largely in term so of conventional 
mechanical technologies is almost universal resulting in very high energy demand in 
air-conditioned buildings appears to be rapidly rising (ibid), particularly in very hot 
regions such as Saudi Arabia.  
This chapter provides a brief rationale on the significance of reducing energy 
consumption in domestic buildings and goes on to presents a statement of the problems 
concerning energy consumption in Saudi Arabia and the related critical issue providing 
thermally comfortable conditions in homes there. The consideration in this thesis of the 
Saudi Arabian context, led to the formulation of the research questions for the study as 
well as the aims and objectives of this research. The following sections of the chapter 
presents an outline of these aspects of the research, along with aims and objectives of 
the research question and a summary of the thesis structure. 
 Domestic energy consumption 
The patterns of global energy consumption depend on local climatic conditions, the 
culture of the citizens and the policies of the individual country (Reddy, 2000). It is 
posited that to investigate a community in order to help to reduce energy consumption 
in buildings, many factors should be taken into account, including the building’s 
location, the local culture and climate conditions and the occupants’ needs (OTA, 1979; 
Reddy, 2000; Smith, 2008; Roaf et al., 2009; Hawasly et al., 2010). Only then it is 
feasible to establish locally relevant standards for the individual location, society and 
economy, that define the range of energy consumption levels in domestic buildings in 
kWh/m² that can be deemed as low, or very low, based on the above characteristics. 
Recently, the term ‘low carbon energy buildings’ has been commonly used by architects 
to reflect design choices intended to reduce the impact of the construction on the 
environment. It is claimed to be possible for low energy buildings to reduce certain 
operational building costs by as much as 80% through the application of integrated 
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design (LBEE, 2009).  
Low energy buildings are buildings, with a predicted or measured better energy 
performance when compared to local standard ones are often characterised by features 
such as high performance insulation types and levels, energy efficient glazing and 
energy efficient technologies for heating and cooling systems (ibid.) and so on. At 
present, seven European Member States have adopted a working definition of low 
energy housing, which is mainly applied to new houses, but also covers existing houses, 
and can usually apply to both residential and non-residential buildings (LBEE, 2009). 
The required reduction in energy consumption normally ranges from 30% to 50%, 
which corresponds to a resulting annual energy demand ranging from 40 to 60 kWh/m² 
in central Europe. Scotland has been even more ambitious aiming for zero carbon 
buildings in addition to 100% renewable energy by 2030 (Gilchrist et al., 2013); 
however, what is considered a low energy development in one country may not meet 
local definitions in another country. 
 The problem in Saudi Arabia 
Saudi Arabia is a rich oil producing country, benefitting from its highly developed oil 
and gas exporting economy on which it a highly dependent. It is also a country 
characterised by high energy consumption rates in the built environment. The hot 
climate in the region and the corresponding operation of air conditioning systems 
explains, to a large extent, the high levels of energy consumption (Taleb and Sharples, 
2011). Future projections, moreover, reveal an even more alarming prospect for the 
country. Energy consumption in the form of electricity has increased sharply in Saudi 
Arabia, over the last two decades (Alyousef and Stevens, 2011). This increase is due to 
the rapid development of the economy in the absence of energy conservation policies. 
In 2001 the peak load reached around 24GW, which was around 25 times that of 1975, 
and it is expected to reach 60GW by 2023 (Al-Ajlan et al., 2006). In economic terms, 
consequently, the total investment required in order to meet this demand could exceed 
£ 61 billion (ibid). However, although this huge consumption of electricity for buildings 
is, in fact it does represent a major potential for reducing energy consumption (Fasiuddin 
and Budaiwi, 2011). However, ‘energy consciousness’ continues to be virtually absent 
in the developing world, and this also pertains not least to citizens in Saudi Arabia.  
The architectural practices, which will be described later in the literature, together with 
the rapid population growth, the economic development, and the consequent rapid 
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increase in energy demand in the form of electricity, has taken place over the last 25 
years in Saudi Arabia (Al-Ajlan et al., 2006). According to the Saudi Ministry of Water 
and Electricity (MOWE, 2014), the energy sold to residential subscribers in 2014 was 
135,908 GWH, which is almost half of the total energy sold (49.8%) for all sectors, and 
this quantity is increasing annually by 6.9%. The population of Saudi Arabia, on the 
other hand, reached 30,770,375 in 2014 and is likely to reach 37,610,985 by 2025. This 
rapid increase will result in further energy demands to operate new domestic buildings, 
with a consequent economic and environmental cost. Taking into account that there are 
projected to be 2.32 million further new homes in the Saudi market by 2020 (Ahmad, 
2002), a significant increase in the electricity supplied for residential buildings will be 
needed in the coming years. 
Summertime indoor conditions in Saudi homes are of increasing concern, due to the 
potential for increased discomfort and higher energy costs resulting from more extreme 
outdoor weather. During summer, outdoor and indoor discomfort are exacerbated during 
extreme hot spells, particularly when dust storms occur, which prohibit the use of natural 
ventilation as well as reducing the efficiency of AC systems. The rise in the occurrence 
of abnormally hot spells experienced in the region during summers and the transition 
seasons signal the emergence of a climate that is less predictable and more adverse 
throughout the year (Tanarhte et al., 2015). Therefore, the indoor experienced conditions 
will inevitably become chronic during extreme hot spells and outages, due to the fact 
that all contemporary buildings in Saudi Arabia have been primarily designed to be 
cooled artificially to provide adequate indoor conditions (Eben Saleh, 1998). 
Given that air-conditioning accounts for 70% of the power demand from residential 
buildings, the electricity generation capacity has doubled in the last decade to around 
50,000MW (MOWE, 2012) but still struggles to keep up with the cooling demand in 
summer, which rises by as much as 50% at peak periods. Air-conditioning is the crucial 
factor in this peak, leading to some regions suffering systematic power outages, with 
serious health consequences when temperatures reach 40-50 degrees Celsius and even 
over that. In the last few years, the pattern of outages follow is that they occur frequently 
and at times of peak demand. Prior to summer 2013, a headline in the Alriyadh 
newspaper in Riyadh reported a statement by the head of the electricity company “no 
promises not to have outages during this summer in the afternoons” (Alahmad, 2013). 
Account needs to be taken of the fact that the historically low energy prices in Saudi 
Arabia have encouraged higher energy demand by consumers (Alyousef and Stevens, 
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2011). A 60% hike in Saudi Arabian domestic energy prices (MOWE, 2015) from 
December 2015 is predicted to disproportionately affect energy costs in low-
performance homes, which will consequently put financial pressure on some Saudi 
households. 
Rising indoor temperatures must eventually drive higher levels of discomfort, which in 
turn will put a growing financial burden on families, impacting adversely on their 
lifestyles and standards of living. Similar pressures were key drivers in the collapse of 
the US and subsequently global economies in 2007, when American homeowners found 
that rising energy bills meant they could no longer pay their mortgages, providing some 
evidence that if not dealt with, this too could be a major problem for Saudi Arabia (Roaf, 
2014). Since the last world economic crisis, the cost of living has risen remarkably in 
the region, putting households under increasing financial strain to spend more while the 
income levels remain the same (Albaaz, 2008), with the rising cost of electricity over 
the last decade making up a considerable portion of the growing wedge between lifestyle 
aspirations and affordability.  
In view of the high domestic energy consumption in Saudi Arabia, alongside the cooling 
demand due to hot climates, serious steps are urgently needed in order to reduce 
domestic energy consumption. The development of low energy home codes and 
establishing energy consumption standards based on local climate conditions and 
citizens’ needs is fundamental; such codes are absent in Saudi Arabia and are essential 
to control the national energy consumption. Moreover, in Saudi Arabia and almost all 
the gulf countries, research work on thermal comfort is still an undeveloped area to be 
explored. In light of the increased awareness of the global and local imperatives for 
energy saving in homes, the role and importance of thermal comfort in achieving energy 
reductions is increasingly recognised and valued to shape the development of the 
research questions and methodology at the heart of this thesis.  
 Research hypothesis and questions 
A question underlying this research concerns the extent to which the experience of 
thermal comfort in homes in Dammam is very different from that in homes in other 
countries. The core premise of this study is that the degree of comfort experienced in 
homes in Dammam results both from the characteristics of the performance of the 
individual homes themselves and the occupant’s behaviour that results from the degree 
of physical and mental adaptation pertaining to the individual concerned. It is postulated 
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that both these factors can either lead to badly performing homes which consequently 
results in a poor comfort experience (or vice versa), high energy consumption and costs 
and huge knock-on environmental and economic costs and or benefits across the region. 
Furthermore, the range and scale of adaptive opportunities in the design of a building 
will influence the ability of the individual to manage and control the conditions they 
occupy and the result energy consumption used to achieve them. A number of research 
questions have been designed as a basis upon which to develop the following research 
plan and methodology. The key question that this study will address is:  
What opportunities exist in homes in Dammam to improve comfort, while not 
increasing energy use?  
The research question will be addressed by the following sub-questions: 
1. What indoor conditions are experienced and what levels of thermal comfort are 
currently achieved in existing dwellings in Dammam? 
2. What are the range and norms of energy consumption and the operational costs 
in Dammam’s homes today? 
3. What characteristics of the Dammam dwellings enhance the thermal 
experience and lead to lower operational cost? 
4. What adaptive opportunities are there for the individual homes/occupants’ 
behaviour to be improved in order to enhance the thermal experience as well 
as reducing energy consumption? 
 Research aim and objectives 
The main aim of this research is “to help occupants achieve thermal comfort through 
the improved design and use of dwellings, with the least energy consumption possible, 
in the Eastern region of Saudi Arabia.” To achieve this aim, a number of objectives 
have been identified and summarised as follows:  
§ People and comfort: 
1. To investigate how thermal comfort is currently achieved in existing dwellings 
in Dammam. 
2. To determine and compare the neutral temperature of people living in 
Dammam’s dwellings.  
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3. To identify some of the adaptive behaviours used by people to ensure 
comfortable conditions. 
4. To find out the difference between occupants’ usage in terms of the AC system 
operating times throughout the day and year. 
§ Energy consumption: 
5. To investigate the average energy consumption in typical existing homes in 
Dammam and the operational cost of cooling dwellings. 
6. To investigate the factors impacting on energy consumption and in turn 
affecting the thermal experience in existing dwellings. 
7. To analyse the performance of different types of dwellings in order to 
characterise comprehensive guidelines for the optimisation of more efficient 
design. 
§ Dwelling design: 
8. To explore the range of adaptive opportunities of the individual homes that can 
be exploited to achieve comfort. 
9. To find out what opportunities exist for homes to be altered and retrofitted in 
order to reduce energy consumption. 
10. To make recommendations on key strategic design features that could be 
incorporated into the houses of Dammam to ensure comfort while minimising 
energy use over the year. 
From this work it is hoped to provide a theoretical basis for introducing the thermal 
comfort regulations in Dammam, Saudi Arabia. 
 Structure of the thesis 
Chapter 1 Introduction: This is the starting point of the research. This chapter has 
presented the background to, and an overview of the research field, offering a statement 
of the problem in the case study location Saudi Arabia and explaining how developed 
countries are dealing with this issue. This chapter has also presented the main aim, 
objectives and research questions.  
Chapter 2 Literature Review: This chapter divided into two sections: the first part 
presents a background and overview of Saudi Arabia; the second part is devoted to a 
review of recent studies and research related to the subject of thermal comfort, and 
briefly mentioned design solutions that contribute to building performance. It also 
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covers important issues and aspects investigated in the research, together with details of 
the background to the many different studies covered in the literature review to support 
the research in this field.  
Chapter 3 Research methodology: This chapter describes the research plan and 
approach used to achieve the proposed aim and objectives. A number of approaches are 
presented to provide a clear indication of the chosen methodology and variables 
measured, which are important in any thermal comfort study. This chapter describes the 
main methods and tools of data collection that were employed by the researcher in order 
to arrive at certain results and/or objectives, including measurements of individual 
parameters, and the scales and questionnaires.  
Chapter 4 Field work procedure and data collection: This chapter of the thesis aims 
to achieve the proposed aim and objectives in studying the factors that influence thermal 
comfort in domestic buildings in Dammam. It focuses on two aspects: the first part 
highlights the procedure of the fieldwork; it describes the fieldwork plan and describes 
the building samples. The second part will briefly define the results that were collected 
from the occupants in their homes during the subjective survey, by means of 
questionnaires.  
Chapter 5 Findings and data analysis: This chapter is concerned with the data that 
were collected during the field survey. The first section highlights the results gathered 
during the subjective study from the occupants in their homes, using the questionnaire. 
The second section of this chapter analyses and evaluates all the available data, 
including all measurements for thermal comfort requirements collected in the form of 
subjective and objective data, which are described in detail. The analysis includes an 
overall description of the general questionnaire, the transverse survey and the 
longitudinal survey. 
Chapter 6 Differences between dwellings: this chapter explores the differences 
between different dwellings, particularly in the hot season, by classifying individual 
buildings by performance and the more noteworthy dwelling in terms of their 
performance are analysed in-depth. The analysis begins by highlighting the factors that 
characterise the dwelling, including its location, orientation, age, size, material, 
insulation and the type of mechanical ventilation used, together with some comments of 
the informal interview. It then presents the demographic information regarding the 
dwellers and the available data on their daily behaviour. Finally, it presents a summary 
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of their energy bills over the year and the cost of energy per square metre of each 
dwelling. 
Chapter 7 Discussion: This chapter explores the designs and adaptive opportunities 
available for low energy homes appropriate for Dammam residents. The discussion is 
based on the results of the investigations in the previous chapters and is related to the 
literature outlined in Chapter Two, regarding how to provide indoor thermal comfort 
while keeping energy consumption to a minimum. In order to provide useful guidance 
on how to improve a dwelling’s performance, it is necessary to describe and discuss in 
depth the design opportunities available, along with the ways in which occupants can 
adapt their dwellings in order enhance the dwelling’s performance.  
Chapter 8 Conclusions: This chapter summarises the research findings and presents a 
summary of how the established research questions have been answered through the 
research stages. This chapter presents an account of how the main aims of the research 
have been met, as well as the limitations. Finally, it describes the future work to be 
carried out by the researcher and provides recommendations for future researchers, as 
well as decision makers, architects, developers and homeowners. 
 
Figure 1.1 Diagram of the structure of the thesis.  
•CHAPTER 1 | INTRODUCTION
•AC dependence culture and the influence of microclimatic characteristics in housing 
design in Dammam
•Identification of the problem & issues
•Formulation of the research aim, objectives & questions
•Definition of the scope and limitations of the study
Part 1: Approach
• CHAPTER 2 | LITERATURE REVIEW
• Thermal comfort and its models
• Thermally comfortable building characteristics 
Part 2: Theoretical & Conceptual Background
•CHAPTER 3 | RESEARCH METHODOLOGY
•Theoretical background
•Practical methodology:case study method
•Transverse survey and the longitudinal survey
•Semi-structured interviews with the subjects
•CHAPTER 4 | FIELD WORK PROCEDURE AND DATA COLLECTION
•The selection of cases
•Fieldwork procedure
Part 3: Methodology of Field Study & Application
• CHAPTER 5 | FINDINGS AND DATA ANALYSIS
• CHAPTER 6 | DIFFERENCES BETWEEN DWELLINGS
Part 4: Data Analysis
• CHAPTER 7 | DISCUSSION
• CHAPTER 8 | CONCLUSIONS
Part 5: Discussion & Conclusions
 
11 
 LITERATURE REVIEW 
“Summer afternoon -- summer afternoon; to me those have always been the two most 
beautiful words in the English language.”  
Henry James  
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 Introduction: 
Reportedly, around 40% of the world's energy consumption is accounted for by building 
use, which contributes half of the total global CO2 emissions (Ghiaus and Inard, 2004, 
cited in Hammad and Abu-Hijleh, 2010 P:1888). Reducing energy use in buildings thus 
addresses both energy and environmental concerns. However, low energy building 
construction is very seldom even discussed let alone implemented to date in Saudi 
Arabia, where the modern, fashionable design archetypes demand a significant 
consumption of electricity for air-conditioning requirements, not only due to the 
extreme hot climate but also to design faults in the model. Poor energy performance in 
homes may on one hand be due to the characteristics of an individual building, and or 
to the behaviours of its occupant's behaviour. Consequences of poor energy performance 
within homes can consequently result in rising indoor temperatures, poor levels of 
thermal comfort experienced, higher energy bills and environmental impacts. 
Conversely well performing buildings result in both energy conservation as well as 
positive thermal experiences. 
This chapter comprises two sections: an overview of Saudi Arabia context and then a 
literature review on thermal comfort. In the first, the context of the research is clarified 
through a brief historical overview of Saudi Arabia. It provides a background to, and 
grounds for reflection on, the contemporary problems of the factors that have influenced 
the formation of the existing housing conditions. The second part is devoted to a review 
of recent studies and research related to the subject of thermal comfort and discusses 
design solutions that can contribute to energy conservation.  
 Saudi Arabia - an overview 
At the intersection of Asia and Africa, the Arabian Peninsula is located in the southwest 
corner of Asia. The kingdom of Saudi Arabia occupies about four-fifths of the Arabian 
Peninsula, with a total area of around two million square kilometres (Central 
Department of Statistics and Information, 2008). Saudi Arabia is bounded by the Red 
Sea to the west and Arabian Gulf in the east, and has land boundaries with Qatar and 
the United Arab Emirates alongside the Arabian Gulf, and Jordan, Iraq, and Kuwait in 
the north, Oman, and Yemen in the south. Because of its large area and topographic 
variation, the natural setting of the country can be split into five areas in terms of 
topography. The Empty Quarter is desert, and other deserts in the Central and Northern 
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Regions take up almost half of the area. The central plateau, the Najd, approaches 32% 
of the total area. The Hejaz and Asir highlands are around 7%. The eastern coastal and 
the northern region take approximately 5% and 4%, respectively. Tihama and the 
western coastal plain make up about 2% of the total geographical area. In the Empty 
Quarter, great sand deserts, the Nafud and Dahna, played a part in restricting the initial 
places of residence in the country. Consequently, the early settlement patterns and 
population distribution were limited to the Hejaz, Asir highlands, Tihama and the 
western coastal region. In the eastern part of the country, the wetlands or "sabkha", 
which is a salt-encrusted shallow basin with a soft sand surface (Vincent, 2008), along 
the eastern coastline region, limited the possibilities for establishing new communities 
there (Al-Hathloul and Edadan, 1995). 
 
Figure 2.1 Map of the Kingdom of Saudi Arabia showing the administrative provinces, and the 
location of Dammam in the Eastern Province (Adapted from: Vincent, 2008) 
Nowadays, the Kingdom of Saudi Arabia is divided into thirteen provinces (Figure 2.1). 
In terms of urbanisation, the western part of the country, which contains the Makkah 
and Madinah administrative regions, is the most developed part of the country, followed 
by the Riyadh area (Al-Hathloul and Edadan, 1995). However, there has been a great 
deal of development in the Eastern Province since oil production began in the late 
thirties, which led to high growth rates in the urban population (Al-Shuaiby, 1976; Al-
Hathloul and Edadan, 1995). Owing to the discovery of oil, the eastern region, in 
particular, brought great opportunities to the country; hence, it is unlike other Saudi 
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cities in terms of its historical roots (Al-Shuaiby, 1976). 
 The population and the growth of the housing sector 
Turning to the population of Saudi Arabia, according to the population records of the 
Central Department of Statistics and Information (CDSI), the total population of the 
Kingdom has increased from roughly seven million in 1974 to around 30.8 million in 
2014, with an average growth rate of 4.2% (MEP, 2014). This has inevitably led to an 
increase in the demand for homes during the period. Data from CDSI shows that 
demographic surveys conducted in 2010, did not reveal a substantial change from 
previous statistics in the number of Saudis owning their homes, which was nearly 50% 
of the population, making up approximately 2.7 million households. It was also shown 
that around 40% and 10% of Saudi families lived in rented units and units afforded by 
employers, respectively (ibid).  
In addition, it is estimated that by 2019 Saudi households will increase by 750 thousand, 
and there are projected to be 2.32 million further new dwellings needed in the Saudi 
market by 2020 (Ahmad, 2002), to cover the shortage of the existing accommodation 
and future needs. Therefore, around £1.8 billion from the excess government budget has 
been appropriated for the housing programme. The number of dwellings required means 
the housing authority gives a high priority to field studies into affordable and economic 
housing, not to mention the architectural competitions held at universities and 
architectural offices to improve such housing projects. However, progress in this area is 
still below aspirations, despite the efforts of various organisations concerned with the 
housing sector. 
 The Eastern Region of Saudi Arabia 
The geomorphology landform of the Eastern Region is described as moving sands, 
together with sabkha (salt flats) and limestone scarps (Barth and Böer, 2002). The 
sabkha are common along the coastline between Kuwait and the southern end of the 
Arabian Gulf. Coastal sabkha alternate with flat and extensive sand sheets and inactive 
dune systems from Kuwait to the area north of Dhahran, which includes Dammam city.  
Historically, this area of the country consisted of small fishing villages of unsettled 
nomadic tribes living in tents, as well as a few settlements consisting of traditional 
houses and shelters (Al-Naimi, 1989). However, the discovery of oil was the 
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breakthrough that has enabled the region to continue its growth and expansion, and plan 
new cities (ibid). Many cities (for instance Jubail) have been built entirely from scratch 
since the 1950s, and this extensive development has resulted in several modern and well-
developed cities (Al-Shuaiby, 1976; Talib, 1984; Al-Hathloul & Edadan, 1995; Zahid, 
1996; Al-Hathloul & Aslam Mughal, 1999; Eben Saleh, 2001). However, the 
architectural history of Dammam has left very few records of the region’s past, except 
for some ruins which stood offshore until the late 1970s (Dammam Municipality, 1993) 
(Figure 2.2). 
  
 
Figure 2.2 On the top left, an aerial view of Dammam (26.4° N, 49.9° E) in 1935 shows the 
compact traditional pattern (Source: MMRA, 2012); on the top right, an aerial view of 
Dammam in 1962 shows the emergence of the modern gridiron planning pattern beside the 
compact traditional Al-Dawaser neighbourhood along the sea shore (Source: Al-Shuaiby, 1976); 
below, the up-to-date aerial map of Dammam city with the traditional Al-Dawaser 
neighbourhood circled in red. (Source: Google Maps, 2016). 
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 The transformation from traditional to contemporary housing  
In the period of the 1950s, due to the shortage of professional planners in the country 
during the forties, planners from the Arabian American Oil Company (ARAMCO) were 
officially commissioned to design many neighbourhoods in the oil exploration region 
(Mahmud, 2009). This was followed by another plan in 1979 by the Hill International 
Consultant Engineering company (CH2M) to develop roads and houses in both 
Dammam and Alkhobar city (Al-Naimi, 1989) which is shown in Figure 2.3. 
It can be seen that the American model forms the main characteristic of these new 
developments. As a result of a shortage of skilled local labourers, a variety of expert 
professional and skilled labourers from different parts of the world were required to 
build the desired modern cities (Al-Naim, 2008). Consequently, there was a noticeable 
acceleration of the migration of international and domestic workers into the region 
(Mahmud, 2009). 
Literally, almost all pre-1950s dwellings in Dammam region were demolished and 
replaced by other modern dwellings, and although some of these older dwellings 
survived until the late seventies, they were occupied only by low-income families, that 
could not afford the modern transformation on that period. (Mahmud, 2009). Alongside 
the rapid developments in the 1950s and 60s, the requirement for housing had 
augmented radically and the government could not control with it. Consequently, many 
people began to adapt themselves to that situation and made temporary shelters by 
reusing wooden containers thrown away by ARAMCO (Al-Naimi, 1989), see 
Figure 2.4. This was entirely due to the need for a place to live in using the cheapest, 
easiest, and quickest method to get a home. A few years later, the government released 
the first building regulations alongside an announcement of interest free loans (MEP, 
1965) to encourage people to build new, permanent homes. Then, and due to the high 
demand, an introduction of modern materials has arisen and people built their dwellings 
using a mixture of concrete blocks and cement for the main structure and external walls, 
while using wood for the roof (Al-Naimi, 1989). However, both these types of shelters 
have now disappeared entirely and do not exist anymore in Dammam metropolitan city. 
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Figure 2.3 The gridiron master plan of Alkhobar city in the Eastern region, developed by 
ARAMCO during the seventies (Source: MMRA, 2012) 
 
Figure 2.4 Top left: fishing camp near Dammam during the thirties (Source: Al-Naim, 2008); 
lower left: examples of the transitional houses in Dammam during the fifties (Source: Al-Naimi, 
1989); on the right, in the sixties, the emergence of the American villa type in the residential site 
for exploration employees. (Source: Al-Shuaiby, 1976) 
One of the main significant changes that happened after the new building regulation in 
the design of contemporary housing is the “extroverted courtyard” (Al-Shuaiby, 1976). 
The extroverted courtyard (or set back) requires all buildings to be set back a specific 
minimum distance from the plot boundaries, thereby ensuring passageways around the 
house, daylight from four sides, and separation from neighbours’ houses. Logically, the 
extroverted courtyard allows the heat generated by air conditioning machines to escape 
from the house, and enables the house to have more windows on all sides in order to get 
more natural light and ventilation. However, its capacity for passive cooling is very 
limited, making mechanical air conditioning essential if the house is to provide a 
comfortable interior climate. Additionally, these regulations are somewhat to blame for 
increasing the energy consumption in buildings as well as for “encouraging unhealthier, 
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less comfortable buildings” (Roaf et al., 2010), as they push architects and builders 
towards designs which require significant use of air-conditioning. 
Table 2.1 A comparison between the pre-fifties and the contemporary houses in the Eastern 
region. 
  Pre-1950’s Houses Contemporary Houses 
Design 
Was a result of the people's actual needs and 
reflected the interaction between economic, 
religious and cultural constraints, and climatic 
conditions. 
Based on pre-planned concepts and not necessarily 
reflecting religious, cultural and climatic interactions. 
The size of the villa and its number of rooms and 
their functions depends on the family income and 
social status. 
Privacy 
Every house consisted of two main parts- the 
private part where the family's activities occurred, 
and the semi-private part where the guests were 
entertained 
It is in somehow remain the same and it is not 
differentiated by social purpose 
Orientation 
Introverted courtyard house and all rooms were 
oriented towards a courtyard and so had an inward 
looking layout. A covered aisle or gallery 
surrounded the courtyard and an area for sitting 
outside. 
Extroverted villa: all rooms are grouped and 
surrounded by a large hall used mainly as a family 
sitting area or for internal circulation. 
Ventilation  Wind vents were located on the parapet wall of the roof HVAC system in almost every room 
Adaptive 
features 
Balconies with wooden screens (Mashrabiah) to 
cool and filter the air, to provide additional shade 
for the windows and give privacy. 
Large windows all around the house and usually 
unprotected from the hot sun a part from indoor   
screens that does not protect the house 
Structure 
Built with the traditional system which is a 
skeleton structure system consisting of bearing 
(columns, walls, and beams) and non-bearing 
elements (shutters, windows, doors, partitions and 
vents) 
The structure varies depending on the design but 
normally heavy construction material is surrounded 
by a large solid exterior wall. 
Materials 
This system used local available materials such as 
coral stone, coral slab from the sea, palm beams, 
palm leaves, mud, and mortar 
Building materials used are mainly reinforced 
concrete, cement, and hollow blocks covered by 
plaster, marble or stone. 
Later, and as mentioned previously, the CH2M company was involved in building 
houses in both Dammam and Alkhobar city. In this context, the lack of knowledge of 
the local culture among the foreign companies which were involved in the development 
of the country (Konash, 1980, cited in Al-Naim, 2008) and the lack of cooperation 
between architects, both Saudi and non-Saudi (Al-Naim, 2008) along with the desire of 
locals to emphasise and reflect their wealth and prosperity, can be intimated as the 
causes of most of the key contemporary issues (Abu-Ghazzeh, 1997; Al-naim, 1998; 
Eben Saleh, 1998; Al-Naim and Mahmud, 2007). As a consequence, many buildings 
have been built to be architecturally western in style and concept, culturally alienating 
and climatically unsuitable (Roaf, 1990). Hence, the architectural situation has seen a 
significant transformation, which has led to the abuse of the local built environment and 
negation and elimination of many of its quality aspects, and has also fractured quite a 
lot of social values and exhausted much of its cultural wealth (Eben Saleh, 1998b; Eben 
Saleh, 2002) (Figure 2.5).  
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Figure 2.5 on the left, An example of an air-conditioning unit attached outside a traditional 
building during the eighties, which has abandoned the old traditional methods of cooling 
(Source: Talib, 1984) on the right, traditional neighbourhoods as they look in the present after 
the reconstruction of the dwellings by modern materials with the installation of mechanical 
cooling. (Source: the author).  
 The Eastern Region climate zone 
The climatic characteristic of the Eastern Region is categorised as a composite climate 
(maritime inland desert climate). This location zone extends along the Arabian Gulf 
coast and inward in the direction of the desert for around 30 km (Figure 2.6). This 
composite climate presents a greater challenge for dwellers living in the built 
environment, since conditions fluctuate between hot dry, hot-humid, and maritime 
desert conditions in various locations (Talib, 1984). Dammam, for instance, is among 
the few areas in the world where temperatures during the harsh summer reach above 
50°C (Table 2.2), with a range of high and low humidity, while, during the pleasant 
months of winter, the temperature drops to 6°C with high humidity (PME, 2010). 
Table 2.2 the average maximum temperature recorded from January 2001 to December 2010 
and the average of the maximum relative humidity over the same period. (Data Source: PME, 
2010).  
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
T max 31.3 36 40 45.3 48 50.3 50 49 46.4 46 39 32 
RH max 90.3 92.5 88.5 84 76.5 73.8 79.8 82.7 88.8 93.8 89.5 90.8 
According to the Presidency of Meteorology and Environment (PME) report (2010), 
Dammam has a high temperature range of 38°C to 50°C during May to October, cooling 
off towards November (24°C to 29°C during November to April), and an average 
temperature of 22°C during the pleasant months of December, January and February. 
The highest minimum recorded was 30°C during May to October, and the lowest 
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average was 10°C during December to February. On the other hand, relative humidity 
throughout the year is above 30%. The records show that humidity during hot periods 
fluctuates between about 80% and 30%, with highs of about 60% to 95% during the 
rainfall season which is November to April. Thus, the challenges of high temperatures, 
humidity and glare for most of the year make conditions severe. It is also common for 
these characteristics to extend for more than half of the year (Figure 2.7).  
 
Figure 2.6 Saudi Arabian climatic zone (legend source: Talib, 1984) 
 
Figure 2.7 Dammam’s Nicol graph for 2001, 2005 and 2010 represents the regularly mean 
relative humidity and mean air temperature across three years (Data source: PME, 2010). 
Furthermore, an unusual climatic phenomenon has been monitored over recent years, 
represented by the continuity of a dusty atmosphere most of the year rather than just in 
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a specific season (Figure 2.8). This has indeed complicated the conditions for people 
with regard to comfort in such an environment, which requires an extensive use of air-
conditioning systems to provide a comfortable indoor environment, as well as a 
regularly repeated maintenance to clean the dust away from the mechanical systems. 
 
Figure 2.8 Meteorological data for Dammam city on the 17th of June 2010. Which shows how 
harsh the climatic conditions are (high temperature, high humidity and dusty conditions in one 
day), (Source: PME, 2010). 
 The expansion of energy consumption 
The statistics from the Ministry of Economy and Planning (2010) show that electric 
power consumption increased at an average growth rate of 3.2 %, in the period 2000 to 
2012 (Table 2.3), and the residential sector in particular accounted for approximately 
53% of the total energy consumption, which exceeded 8100 kWh per capita. Based on 
the population growth forecasts, the total consumption of residential subscribers risen 
from 3.6 million subscribers in 2000 to 6.7 million subscribers in 2012, which would 
require a significant amount of energy production. However, the up-to-date total energy 
consumption is not available yet. 
Table 2.3 a comparison of the key indicators of the electricity sector between 2000 and 2012, 
(AGR: Annual growth rate), (Data source: MOWE, 2012) 
 2000 2012 AGR (%) 
Residential subscribers (million) 3.6 6.7 5.3 
Average annual consumption (kWh per capita) 5600 8100 3.2 
Maximum network load (MW) 22000 52000 7.6 
Annual electrical production (GWh) 126000 272000 6.6 
On the other hand, the price of energy services seems to be regarded acceptable in Saudi 
Arabia according to the website of the Electricity and Co-generation Regulatory 
Authority (ECRA) (ECRA, 2011). According to an Alriyadh newspaper interview, the 
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governor of the ECRA, Mr. Alshehry, claimed that “the rate of consumption for 
electricity bills does not exceed 200 SAR (£33.3) for about 80% of the subscribers” 
(Alhaydar, 2011). However, in the online version of the newspaper in which this was 
published, around 92% of the comments registered criticised the interviewee by saying 
that “the governor was extremely idealistic and that does not reflect the reality at all” 
(ibid). 
Table 2.4 The residential consumption tariff since 2001 along with the late 2015 tariff 
(SAR/kWh) *excluding the charge of meter readings, maintenance, bill preparation and the 
charge for service connection (Data Source: ECRA, 2011 and MOWE, 2015) 
Monthly 
consumption (kWh) 
1-
2000 
2001-
4000 
4001-
5000 
5001-
6000 
6001-
7000 
7001-
8000 
8001-
9000 
9001-
10000 more 
Old Tariff 0.05 0.10 0.13 0.13 0.15 0.20 0.22 0.24 0.26 
2015 New tariff 0.05 0.10 0.20 0.20 0.30 0.30 0.30 0.30 0.30 
Historically, low energy prices in Saudi Arabia encouraged users not to restrict their use 
of energy on the grounds of costs. The combination of a lack of awareness of the 
environmental impacts of energy consumption and the many social pressures to pursue 
an energy-intensive lifestyle mean that energy demand is extremely high in the region. 
However, in December 2015, the prices of domestic energy were increased overnight 
by 60%, for those high-end consumers who paid more than 300 SAR (£54.5) per month 
for their energy bills, so the cost of operating dwellings is soaring for many families 
(Figure 2.9).  
 The cost of living in Saudi Arabia 
According to Albaaz (2008) in his social study, the subsistence level boundary for a 
Saudi citizen is 1660 SAR (£275) per month, whereas the poverty line is 1120 SAR 
(£185), without calculating the cost of housing and its related items. In fact, this is the 
latest data available, and since then, it is assumed that with the rise of the cost of living 
without a corresponding increase in income, the boundaries are even higher. It is 
believed that after the world economic crises in 2007, the cost of living has risen 
remarkably in the region. The share of housing related items, therefore, forms the largest 
portion of the spending. The steep increase in the cost of living after 2007, shown in 
Figure 2.10, indicates that households have been put under increasing financial strain, 
which means spending more, as shown, while the income level has remained the same. 
A significant proportion of the increase in the discrepancy between the cost of living 
and revenue has been accounted for the rise in the cost of electricity over the last decade 
(Albaaz, 2008). 
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To date, there has been agreement on how middle and low-income citizens have 
experienced many impediments to affordable houses, from the stage of purchasing a 
plot to the stage of ensuring they have the required amount of money to build their 
houses. What has worsened the situation for people even more is the decline in the 
number of housing units produced or funded by government agencies (MEP, 2000), in 
addition to the constant decline in mortgage support by the Real Estate Development 
Fund (REDF) mortgages, concurrently with the massive increase in population. 
 
Figure 2.9 Electric power consumption (kWh/capita) in Saudi Arabia in the period 1971- 2010 
compared with the consumption of the average of the world and Middle Eastern countries per 
capita (Data source: IEA, 2014), alongside the average electricity price among the residential 
tariff groups since 1971 to date (Data source: MOWE, 2015). 
 
Figure 2.10 the cost of living increment including the housing operation cost (the cost of repair, 
rent, electricity, etc.) for Saudi citizens since the 2007 economic crisis. (Data source: IEA, 
2014) 
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 Thermal comfort 
Almost everybody has a daily thermal routine. Within limits, it can be assumed how 
warm the bedroom will be when someone wakes up and how warm the kitchen is when 
having breakfast. People also may have an idea of what is expected in the car trip to 
work and at the office when they arrive. Although these expectations may vary from 
time to time and from season to season, it can give an overall idea of what thermal 
conditions to expect over a day or month, and people will generally have strategies for 
dealing with them. So why it is essential to know which temperatures are comfortable? 
And what is the point of thermal comfort science?  
This section is divided into five parts. The first part looks at the history of thermal 
comfort. In the second part, definitions of thermal comfort will be reviewed. This is 
followed by a discussion of the importance of studying this topic and theories of thermal 
comfort are then discussed. Finally, specific design features are related to the thermal 
experience.  
 The early beginning 
Since the beginning of human life on earth, the presence of liveable environments has 
ensured the sustained existence of humanity, which has also resulted in vital expansion 
for the human species. Thermal comfort is one of the basic necessities for the human 
body in a liveable environment. It is almost certain that the informal study of what 
thermal comfort requires predates all written history. Around 400 BC, however, 
Socrates wrote some thoughts on how to build a climatically suitable shelter to ensure 
thermal comfort. By the first century, Vitruvius also wrote his thoughts about the need 
to design buildings whilst bearing in mind the climate issue and seeking a healthy 
environment and comfort, even though it did not have very much impact on applied 
architecture (Auliciems and Szokolay, 2007). Archaeologists have noted certain 
evidence for the important presence of fire in early times, which is found almost 
universally in many remnants of early buildings (Stoops, 2000). Although fire was used 
ordinarily for cooking, it was fundamental for providing heat to attain some comfort as 
a minimum for an acceptable liveable thermal environment. This thermal solution has 
been found, frequently, throughout many civilisations as a design pattern. However, as 
most of these early patterns predate written language, there is no written evidence of the 
rationale for selecting particular design solutions.  
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The design pattern varies from one climate to another as well as differing culturally. For 
example, societies with cold climates developed various complex solutions to survive 
the severe weather. Those solutions mainly involved combining clothing, along with 
designing complex buildings for groups of people and animals, which frequently 
contained a fireplace or a stove to provide heat. Moreover, lots of these traditions 
perhaps developed religious relationships and patterns as the first fire worship rites were 
formed in some of the oldest folk traditions, which continue in many parts of the world. 
For cultures that had to cope with hot environments, on the other hand, where they had 
to cool their habitats, extraordinarily creative design answers have been revealed, with 
enhancements of either water evaporation or air ventilation or a combination of both 
(Heschong, 1997 p:15).  
Moreover, some of these design patterns have augmented and enhanced the societal 
aspect. For example, public baths were very popular in ancient Rome as well as in Japan. 
The public baths of ancient Rome were a luxurious thermal place found only in rich 
aristocrats’ houses, for the people who had enough money to afford the payment needed 
for transforming and heating the water. Then over a period of time, the idea of building 
public bathhouses was established, first for a trivial amount of entrance money, and 
then, within in a short time they became free (Hays, 1998). On the other hand, the hot 
baths were more of a social gathering for the Japanese; it became a part of the daily 
routine, and they perhaps exaggerated the occasion, claiming that whoever did not go 
there was either sick, angry or antisocial (Heschong, 1997 p:47). Although they 
provided a social place for meeting in both societies, for the Romans, they were, more 
importantly, a source of warmth, as opposed to other aspects. From the time of Socrates 
until the Industrial Revolution, there were not many influences over thermal comfort 
because of the limitation of practical concerns, as well as the limitations of tools and 
techniques. 
By the late eighteenth century, heating technology improved dramatically. According to 
Heberden (1826, cited in Auliciems and Szokolay, 2007), by the early nineteenth 
century, it was acknowledged that it is not only the air temperature that matters, but the 
factor of humidity also plays a major role in thermal sensation (Bedford and Chrenko, 
1974). The first systematic study of thermal comfort was reported in the United 
Kingdom by Haldane in 1905 (Auliciems and Szokolay, 2007 p:5). By the second 
decade of the last century, a primary study was carried out in the United States to find a 
comfort zone by means of the air temperature and the level of humidity. Since then, 
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engineers have been very keen to explore comfort, and in the early twentieth century, 
mechanical cooling became possible; ever since, the topic of thermal comfort has been 
the subject of much research. Victor Olgyay (1963) reported vital work interpreting 
several researchers’ results and was the first who introduced and established the issue 
of thermal comfort and the comfort zone on the bioclimatic chart and its relation to 
functional architecture. 
 Definition of thermal comfort 
It is necessary here to clarify exactly what is meant by thermal comfort. Olgyay (1963, 
cited in Auliciems & Szokolay 2007) was apparently the first to simplify the notion of 
thermal comfort with the idea of the “comfort zone.” He clarified the term as a state just 
below what a human being achieves in lessening the amount of desired energy 
consumption to adapt to the surrounding atmosphere. Although it seems that this is 
reasonably precise, the range of comfort in this definition varies between individuals. 
The broad use of the term thermal comfort is sometimes equated with The American 
Society of Heating Refrigeration and Air-conditioning Engineers (ASHRAE, 2004) as 
"that condition of mind which expresses satisfaction with the thermal environment". 
Perhaps this is a perceptual process and indicates psychological as well as physiological 
factors. However, ASHRAE’s definition has not clarified what the "condition of mind" 
might be a consequence of- whether a state of knowledge, or process of perception, or 
cognition, or a common feeling or attitude, and it might vary from one person to another 
(Heijs, 1994).  
Despite the ASHRAE definition of thermal comfort being more psychologically based 
and being subject to several criticisms, it is the most widely known definition and 
perhaps the most well-accepted definition by researchers. Moreover, according to the 
ASHRAE definition, thermal comfort is partially subjective because several objective 
properties related to the comfort of the environment that are difficult to measure. 
However, according to a definition provided by Benzinger (1979), thermal comfort is 
“a state in which there are no driving impulses to correct the environment by behaviour”. 
For Hensen (1990), Benziger has defined an objective definition of thermal comfort.  
Another recent clear and operational definition of thermal comfort has been presented 
by Givoni (1998), who states that it is "the range of climatic conditions considered 
comfortable and acceptable inside buildings." However, Givoni does not indicate any 
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thermal discomfort sensation as it seems that there is a difference between thermal 
sensation and thermal comfort (Geldard, 1972).  
 Thermal comfort scale 
Thermal sensation is basically an expression of the feeling of coldness or warmth. 
Parsons (1993), claims that the term ‘sensation’ cannot be defined in physiological or 
physical expressions. Therefore, it is rated using a seven-point numerical scale. Thus, 
how people define their feelings is a fundamental question. A simple possible method 
is to question the subject to specify his or her feeling in terms of warmth (ASHRAE 
scale), or being comfortable or uncomfortable (Bedford scale) (Figure 2.11). 
The initial use of the ASHRAE scale was in America, while the origin of the Bedford 
scale is in England, from Bedford’s comfort survey. It is obvious that there is not much 
difference between the two scales except for the insertion of comfort in Bedford’s scale 
(Nicol 1993). Moreover, the two scales behave similarly in practice, and the findings 
obtained could be comparable, as many researchers have found (e.g., Brager et al., 1993; 
de Dear, 1986; and Nicol, 1994). In practice, however, the three central categories 
equivalent to the sensation scale could be considered to be the comfortable zone 
(Oseland, 1997). For instance, in Bedford’s sensation scale “comfortable, comfortable 
cool, or comfortable warm” could be used as an indication to discover whether 
occupants are comfortable under such circumstances (McIntyre, 1980). Although 
achieving full satisfaction with comfort is very difficult, this clue might ease the task 
for architects and designers. 
ASHRAE 
Scale Cold Cool Slightly cool Neutral 
Slightly 
warm Warm Hot 
 
 
-3 -2 -1 0 1 2 3 
Bedford 
Scale 
Much too 
cool Too cool 
Comfortable 
cool Comfortable 
Comfortable 
warm Too warm 
Much too 
warm 
Figure 2.11 The seven-point numerical scale as demonstrated in the ASHRAE and Bedford 
scales, and the shaded points show comfort equivalents (Adapted from : Auliciems and 
Szokolay, 2007) 
Chapter two: Literature review 
 
28 
 The need to study thermal comfort 
Since the end of the nineteenth century, researchers have been interested in thermal 
comfort. Understanding what circumstances will create thermal comfort and an 
acceptable thermal atmosphere has been emphasised (Parsons, 1993). Nicol (1993) has 
specified three motivations in understanding the significance of thermal comfort. 
Firstly, it is to deliver an adequate condition for occupants. Secondly, is to monitor 
energy consumption. Finally, is to set and propose criteria for such thermal 
circumstances. In addition, Huntington et al. (1951, cited in Auliciems & Szokolay, 
2007) claimed that each building element should be designed to react with the climate 
and provide comfortable conditions for occupants, because when the occupant is in his 
or her most comfortable state, they will generally be at the highest mood attitude; 
likewise, a person’s mood will worsen during an uncomfortable time. Raw & Oseland 
(1994) listed six benefits from researching thermal comfort: 
• The environment will be controlled by people. 
• The internal air quality will be improved. 
• More energy saving will be achieved. 
• The harm from producing CO2 in the environment will be reduced. 
• The efficiency of the building’s occupants will be enhanced. 
• Improving or changing standards will be reasonably advanced by 
recommendations. 
Finally, almost 95% of people spend the greatest part of their lives in artificial 
environments (Fanger, 1970); therefore, high quality indoor environments will benefit 
the health of the occupants. 
 Features of the indoor environment 
As previously mentioned, any building must offer a healthy atmosphere in a proper 
environment. This environment must simultaneously provide an acceptable liveable 
environment in each aspect, to subsequently minimise discomfort. 
In reality, discomfort can be described as a condition with a lack of comfort. So, 
buildings free from aspects of discomfort would enhance the health of their indoor 
environment, therefore this is the condition that should be achieved by each 
environmental aspect. 
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Historically, many subsequent buildings were cooled with ice placed in the air supply 
ducts but by 1918 the US heating, ventilating and air-conditioning (HVAC) industry 
had all built mechanical ventilation systems that incorporated humidity control to 
improve indoor comfort (Steadman, 2014). By this stage, US designers had identified 
humidity as a primary cause of summer discomfort and air-conditioning systems were 
increasingly designed not only to cool the air but also to manage its humidity. The 
designers decided, then, that 55% RH was the maximum level to strive for, which still 
as a standard for controlling humidity (ASHRAE, 2008). The consequence of this 
assumption was to push systems to use a two phase conditioning systems, first chilling 
down the air to remove humidity by condensation and then reheating it to further reduce 
its relative humidity. But the cost of this was significant energy inefficiency to get air 
to the required temperature. In addition, living in a high humidity environments could 
increase the concentrations of specific types of mould bacteria and/or high populations 
of dust mites inside homes which would directly affects people’s health (Porteous et al., 
2014) 
However, a common symptom of the use of air-conditioning systems is the over-drying 
of indoor air that can typically be as low as 10%-35% Relative humidity, whereas it has 
been found that increasing humidity in such dry buildings to above 40% has no 
measurable influences on occupant health (Nordstrom, Norback, and Akselsson, 1994). 
Moreover, if the core concern is occupant comfort, the subsequent century of research 
has often contributed to the confusion about the actual role and impact of humidity at 
high temperatures (Humphreys, Nicol, and Roaf, 2015). 
A wide range of 20th Century tropical comfort indices were developed based on 
laboratory experiments (McArdle et al, 1947) or the results of field studies. Webb 
(1959), Nicol, (1975), Sharma and Ali (1986) and others linking humidity, temperature, 
and air movement to comfort in a single ‘comfort index’. In 1973, Nicol and Humphreys 
presented the results of field studies in the UK, India, Iraq and Singapore (Nicol, 1975) 
with results showing that average comfort vote changes little with the mean temperature 
experienced in previous study (Nicol and Humphreys, 1973). A number of meta-
analyses of the role of humidity in comfort in tropical regions have been undertaken 
including that by de Dear et al (1991), Fountain et al. (1999), Nicol (2004) and Givoni 
et al (2006). They conclude, in line with the field studies on which they are based (i.e. 
Busch, 1992) that comfort can be experienced in hot and tropical regions even with 
humidities and temperatures, which are high when judged against Western standards. 
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• Thermal environment 
The thermal environment can be controlled in two different ways: Firstly, which is most 
commonly used, by letting the temperature of the air behave primarily as an overruling 
influence, leading to comfortable conditions. The second way is by controlling not only 
the air temperature, but more than one feature of the thermal environment, although such 
methods have not been in extensive use so far (Croome and Swaid, 1993). One of the 
most advantageous strategies is thermodynamically cooling existing architectural 
spaces using the mass of the building itself as the thermal system rather than air (Moe, 
2010) 
The entire control of thermal comfort requires other aspects to be included to balance 
thermal comfort between the environment and its occupants. The environment’s 
characteristics are, specifically, air temperature, radiant temperature, air velocity and the 
level of humidity, which must all be taken into account, in addition to the human factors, 
which include the clothing level and metabolic rate. These variables of thermal comfort 
may be easily measured, and then linked and compared with occupants’ observations of 
the environment.  
• Indoor air quality 
Indoor air quality is relatively hard to measure because of several factors, which may or 
may not interact. Moreover, the air’s chemical components in a particular place are 
different to another place, and these play a crucial role. Furthermore, the presence of 
organisms, such as dust mites, mould, bacteria and microbes also affect air quality. 
Humans perceive air quality based on their ability to notice these air components. It is 
important, thus, to assess the existence of the various constituents using professional 
equipment, otherwise it is not very easy to obtain a comprehensive understanding of all 
the existent aspects. Fanger (1988) developed a concept called “Olf and the Decipol”, 
quantifying the concentration of air pollution as perceived by humans. Porteous (2011) 
explained the “Olf and the Decipol” concept as “one Decipol is a contamination caused 
by one person (one Olf) ventilated by a fresh unpolluted air for one person” which helps 
to form a technique that allows occupants to perceive the indoor pollution level and air 
quality.  
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• Freshness 
Freshness can be defined as a factor that depends on other casual factors for thermal 
comfort, including air movement, air temperature and humidity. However, as mentioned 
before, other air quality aspects like smell may affect the condition. 
According to a definition provided by Croome (1996), he includes such principles of 
freshness as “cold, new, salubrious, cleanliness, preserved, and ventilated,” contrasted 
with other opposite meanings like “stale or stuffy”. 
Bedford and Chrenko (1974) quoted Sir Leonard Hill concerning the connections 
between thermal comfort factors and freshness: “for air to feel fresh it must have such 
cooling and evaporative power as suffices to keep the head pleasantly cool and the skin 
free from sensible perspiration.” He further clarifies how air temperature and air velocity 
are crucial to predict the perception of freshness of the subject’s head in all seasons, 
bearing in mind the importance of delivering a stimulus to the subject’s body, which 
will increase the impression of freshness by altering the air temperature and air 
movement.  
• Light environment 
Providing enough and the correct type of light to gain satisfaction with the indoor 
environment is crucial. However, although providing these qualities is not very easy, 
dividing the lighting environments into more areas, with a mixture of artificial and 
natural light to enhance the light level, will help.  
Too much light could disturb the user. A high proportion of lighting through daylight or 
artificial light can cause glare in the indoor environment, which may minimise vision or 
give an inadequate appearance. Therefore, designing the lighting pattern carefully can 
perhaps prevent occupants from being affected by such issues. 
• Acoustic environment 
The acoustic environment is also vital in ensuring satisfaction with the indoor 
environment. It constitutes the changing noise level. Expecting or not expecting noises 
can play a role in people’s opinion on noise.  
It is fundamentally significant to adapt an environment by adding proper physical noise 
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absorbers and barriers using various types of materials. In addition, Sharland (1990) 
claims that providing white noise in the background, such as a waterfall, rainforest or 
music, could conceal other unwanted sounds.  
 The architectural design 
It is generally understood that the design layout and the furniture have a major influence. 
For example, locating furniture wrongly may cause medical problems, as well as 
complicating movement, and it could result in chaotic spaces. The number of people per 
m2 also has an effect. The designer’s duty is to ensure that it reflects people’s needs and 
simplifies the occupants’ daily tasks. Through this approach, certain health problems 
can also be avoided or minimised. 
 Human perception 
The type of building and its environment, as well as the occupant’s background, for 
example, will affect perception (Gibson, 1979). In general, a study of this aspect 
involves opinions about the environment. An example of occupant’s sensations of how 
satisfactory a feature is, if they like a certain feature or not, helps to obtain an opinion 
of satisfaction or dissatisfaction with the environment using a holistic overview.  
 Theories of thermal comfort 
As mentioned previously, various efforts have been made to forecast thermal comfort. 
Therefore, improving comfort models has interested many researches in many different 
areas. The fundamentals of theoretical work using thermal comfort models are based on 
thermal exchange theory as well as the mechanisms for supplying thermal balance. 
Physically, heat is transmitted from or maintained by the human body in order to reach 
thermal balance between the environment and the human body, which is called the 
thermal exchange theory. Gagge (1937, cited in Auliciems & Szokolay, 2007), Fanger 
(1970) and many others have implemented this model as the core for calculating the 
conditions necessary for a thermally comfortable environment.  
Fanger (1970) explains the heat exchange theory by saying: "Since the purpose of the 
thermo-regulatory system of the body is to maintain an essentially constant internal body 
temperature, it can be assumed that for long exposures to a constant (moderate) thermal 
environment with a constant metabolic rate, a heat balance will exist for the human body 
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i.e. the heat produced will equal heat dissipation and there will be no significant heat 
storage within the body." 
A human characteristic is that when the body increases activity, it produces substantial 
heat, and through clothing insulation, the body maintains heat. McIntyre (1980) and 
Parsons (1993) developed a more complete understanding of the theory. McIntyre states 
that heat loss from the body occurs by convective heat transmission into the atmosphere, 
or through “moisture evaporation”, which is basically radiation to nearby surfaces. 
Parsons further clarifies two types of thermal index: “the direct indices” and “the 
rational indices”. The first type uses instruments to simulate the human response to the 
operative temperature, while the other one uses heat transfer equations, such as Fanger's 
model, and the effective temperature index. Nevertheless, a report by Humphreys (1994) 
declared that testing thermal sensation is strongly connected to the occupant’s predicted 
thermal perception, together with the indoor air temperature. Furthermore, Humphreys 
claims that research results show that air temperature is a very useful predictor of 
thermal sensation, along with other complex model predictors. 
 Factors of comfort 
Auliciems and Szokolay (2007) classified the factors that affect thermal comfort into 
three groups: environmental factors (air temperature, air movement, humidity, and 
radiation); personal factors (metabolic rate and clothing), and contributing factors (food 
and drink, acclimatisation, body shape, subcutaneous fat, and also age and gender). 
• Environmental factors 
Air temperature is the most important environmental factor. It determines the convective 
heat dissipation from the skin. Air movement accelerates this process and also affects 
the evaporation of moisture from the skin, thereby increasing the evaporative heat loss. 
The humidity of the air also affects evaporative cooling. If the absolute humidity 
(moisture content of the air) is between 5 and 10 g/kg, it has only a little effect on thermal 
sensation, while a high humidity (around 12 g/kg and above) would restrict the 
evaporative heat loss. Radiation is the function of heat exchange between bodies at 
different temperatures. It depends on MRT, the mean radiant temperature, of 
surrounding surfaces to which the body is exposed. It is weighted by the solid angle 
subtended by each surface. These factors will be explained in details in section 3.5. 
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• Personal factors 
Metabolism is the biological process of transforming foodstuffs. It generates energy for 
human activities. When work is performed, the metabolic rate increases in order to 
produce the energy needed for the work. The surplus of about 80% of total energy 
produced in the body will be in the form of heat dissipated into the environment. Sweat 
secretion increases in order to restore the thermal equilibrium. The metabolic rate 
depends on the activity level. At a given level of activity, it also depends on age and sex, 
and is proportionate to the weight and size of the body.  
The other personal factor is the subject’s clothing. Givoni (1969) notes that the clothing 
has a major influence on the heat exchange between the body and its surroundings. It 
forms a barrier to convective and radiative heat dissipation into the environment and 
also interferes with the evaporative sweating process. The ‘clo’ value as a unit used to 
define the level of insulating cover over the whole body, with an average transmittance 
(U-value) of 6.45 W/m2K that described mainly in the ASHRAE fundamentals 
handbook (2009). Moreover, clothing as an important role of the behavioural 
adaptations of individuals, that differ by cultures and climate, the clothing value vary as 
well (Humphreys et al., 2015). Al-Ajmi et al (2008) give the characteristics of traditional 
Arabian Gulf clothing (see Appendix III). 
• Contributing factors 
Contributing factors include food and drink, acclimatisation, body shape, subcutaneous 
fat, and age and gender. Food and drink affect the metabolic rate. Acclimatisation can 
be both the short-term adjustment (20-30 minutes) and long-term (beyond 6 months). 
The human body responds to its environment differently due to different limits of 
exposure. Thermal comfort limits vary depending on individuals. Body shape and 
subcutaneous fat are important, as heat dissipation depends on the body’s surface-to-
volume ratio. Therefore, a thin person would lose body heat into the environment better 
than a person with a larger body shape. The subcutaneous fat is a good insulator; thus, 
it causes the fatter person to prefer a lower temperature. 
 Thermal comfort in homes 
The first step when approaching a new design should always be to try and understand 
the overall climate of the site and how much protection the house will need to provide 
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against the harsh climate. A simple way of doing this is to apply the Nicol graph (Figure 
2.7). The comfort curve is calculated using the equation: 
Tc = 0.534 (Tmean) + 11.9                (2.1) 
which is the temperature at which the average person will be comfortable in most 
buildings (without heating or cooling) from that outdoor temperature. 
• Tc is Comfort Temperature (°C)  
• Tmean = (Tmax + Tmin) / 2), monthly mean indoor temperature 
• Tmax is monthly mean daily outdoor maximum temperature 
• Tmin is monthly mean daily outdoor minimum temperature 
• Tmin and Tmax are usually available from Meteorological Office data 
Although this equation applies only to summer conditions in free running buildings (not 
air-conditioned ones), it provides an overall awareness of the comfort conditions 
necessary for people to adapt themselves to the local climate. 
A Nicol graph can be used to give a rough idea of the amount of heating or cooling 
required in each month for the building. In a good passive high mass building, the indoor 
air will tend to revert to a temperature half way between the mean outdoor and mean 
indoor temperatures. So a line can be drawn half way between the two to indicate the 
free-running indoor air temperature. If this is below the Tc, then the building will need 
heating up to make the occupants warm and vice versa. 
If a large amount of heat is required, it can be partly supplied by passive systems. If a 
great deal of cooling is required, it may be possible to gain it through ventilation. 
Convective cooling is effective up to average skin temperature (around 32 - 34°C), and 
even above that temperature range it will help with evaporative cooling of the skin. A 
fan can provide cooling equivalent to a 2 - 4°C drop in temperature in hot conditions, 
with relatively little energy. 
Thus, with a simple graph it is possible to tell how much we want to welcome in the 
external climate at different times of the year, or how much we want to keep it out. The 
graph also gives an idea of how much extra energy is needed from supplementary 
heating or cooling systems to reach the Tc. This is an effective way of looking at the 
passive potential of a building in a particular climate and using this knowledge to choose 
an appropriate building form to optimise this passive potential. 
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It is also worth noting that a well-designed passive building should be able to provide 
up to 3°C free cooling by using ventilation at the coolest time of day. However, it is not 
only the design that has opportunities to provide comfort, it is the adaptation of the 
occupants as well, possibly adapting themselves to shift between discomfort and relative 
comfort. Therefore, there are three levels of opportunities, design features, adaptable 
building features and alterations in the occupants’ behaviour or attitudes. 
Roaf et al. (2013) describe these opportunities and arrange them by significance, as the 
design opportunities are the basis of the provision of comfort and then other 
opportunities are supportive and complementary to the level of pleasure. The dwelling’s 
design opportunities include; the orientation of the dwelling, dwelling form, openings 
and solar access, the height of floors and building, ventilation strategies, solar shading, 
insulation and construction materials. The opportunities for adaptation involve, opening 
windows and infiltration, furnishing, cooling systems, landscaping, shades, curtains and 
blinds, and occupant lifestyle. Finally, the third level of opportunities includes 
sensations and perception, colour and lights, view and links with nature, decoration 
style, and the provision of ambient noise. 
 Summary 
This chapter has presented the two topics which provide the context for the study, the 
evolution in building types in Saudi Arabia and a literature review of the subject of 
thermal comfort. The section on the Saudi context firstly presented the geopolitical 
background for the study, secondly, it traced the evolution of the designs of the 
contemporary dwellings, concentrating on the period after the start of oil exploration in 
the region and thirdly, it provided an overview of the complex climate issues existing in 
the region of Dammam. Energy consumption in the residential sector of the region was 
then discussed, particularly concerning future demand arising from the incremental 
increases occurring in the population. Finally, the standards of living in Saudi Arabia 
were examined and the impacts of the increase of electricity consumption discussed in 
relation to related affects that may occur in the ability of individuals to live affordably 
in comfort. 
 The second part of this chapter provided a background to subsequent discussion of 
thermal comfort in the following chapters. Definitions of thermal comfort and its scales 
and significance were given and the indoor environmental contributors to the thermal 
conditions were explored. After discussing this theoretical overview of thermal comfort, 
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the factors affecting the thermal experience of individuals, including the environmental 
factors, personal factors and contributing factors were briefly discussed. Finally, the 
three levels of opportunities to deliver thermal comfort in homes were classified, 
including the design characteristics, adaptive qualities and the adaptations in the 
sensation levels of occupants. 
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  RESEARCH METHODOLOGY 
“Scientific method, although in its more defined form, it may seem complicated, is in 
essence remarkably simple. It consists of observing such facts as will enable an observer 
to discover general laws governing facts of the kind in question.”  
Bertrand Russell 
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  Introduction 
This research considers the environment within Dammam homes, an environment that 
cannot be easily classified, because of its phenomenal complexity. The closer a 
researcher can get to the core of well-defined problems relating to such environments, 
the better will be the resulting understanding of complexities of the perception and 
performance of the spatial context, the behaviours of its occupants and other properties 
and qualities of a particular environment.  
In the first section of this chapter the methodology used in this study and the variables 
measured in it are described. and explained. Following this, the method and tools 
employed for data collection, including measurements of individual parameters, and the 
scales and design of questionnaires are presented. Finally, the scope and limitation of 
this type of research is explained and justified. 
 Overview of research methodology  
Fundamentally, the integration between social and environmental science in this 
research involves a constant interplay between observation and explanation, the 
collection of further facts to test the explanation, a refinement of the explanation, and 
so on (Vaus, 2002). The crucial factor influencing which method to select is the nature 
and quality of the research, i.e. whether it is observational, experimental, or some other 
form. Each approach has different types of design and tools to facilitate and fulfil its 
need to determine a rational and logical technique to approach and explore the problems 
under investigation. These designs and tools also assist in achieving the research 
objectives.  
The fundamental principle with which to judge the success of any approach for these 
types of studies are the degree of appropriateness and trustworthiness of the data 
collected and analysed through the particular approach. This data probably will form the 
basis of a whole set of explanations, interpretations and predictions for the research 
problem. Moreover, fundamental decisions could be made on that foundation, so the 
right methodology is vital for effective results.  
In order for the current study to conduct a thoughtful investigation and to have a clear 
understanding of the characteristics and habits of home users, the notion of employing 
more than one method, for accurate and 'mutually supportive’ data collection, appears 
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to be more reliable (Ragin and Becker, 1992; Stake, 1995; Kitchenham, 2010; Yin, 
2014). As Patton (1987:60) points out that as any single collected data strategy has its 
own strengths and weaknesses, the researcher can overcome this by using more than one 
approach, thus combining between strategies and avoiding some of the weaknesses will 
elevate the outcome. In the same context, Kitchenham (2010:563) sums up this approach 
as it “…allows opportunities for the meaningful questions to be posed, measured, 
analysed, and interpreted. Because both inductive and deductive reasoning are applied 
in mixed method research, the results are far more robust, especially in case study 
research that involves rich empirical data gathered through varied data collection 
techniques. In short, mixed method research is so powerful because it allows the ‘gaps’ 
in qualitative research methodologies to be filled or overlapped by quantitative 
methodologies and techniques and vice versa”. 
Therefore, any individual technique may respond to part of the research objectives, but 
may not be enough to cover all the major dimensions. Thus, the integration of different 
methods would be more fruitful. 
 Method adopted for the research 
In accordance with the research aim and questions, the overall methodology combines 
published works, drawings of the studied dwellings and mixed-methods data collection 
regarding user’s behaviour and the home’s physical environment (Figure 3.1). While 
English language publications and the internet are the primary sources, specific 
literature related to the Saudi context has been collected from Saudi universities and 
public agencies. The literature review of thermal comfort, through which the theoretical 
background and the concept of thermal comfort have emerged, has been 
comprehensively covered. 
 Case study and fieldwork method 
The nature and type of questions that this research aims to answer suggest a ‘case study’ 
as the most appropriate research method (Hamel et al., 1993; Stake, 1995; Yin, 2014), 
a place where researchers into house design and control can observe and record real 
signs of people’s comfort and satisfaction.  
Generally, the case study approach may depend on qualitative or quantitative 
methodologies or both (Stake, 1995; Yin, 2014). It is adopted to provide interpretations 
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regarding the researched subject (Stake, 1995; Yin, 2014). Despite the fact that Yin 
(2014) argues that there is a slight difference between case study and fieldwork methods, 
this research regards the concept of fieldwork as a data collection technique that is part 
of the case study method, Yin himself defines the required procedure as “an empirical 
inquiry that investigates a contemporary phenomenon within its real-life context” (Yin, 
2014:13). Thus, the best way to deal with the research matter at hand was to carry out a 
field study. 
With regard to the importance of the field study Stebbins and Shaffir (1991:18) maintain 
that: “Unlike controlled studies, such as experiments, field studies avoid pre judgment 
of the nature of the problem and hence the use of rigid data-gathering devices and 
hypotheses…Rather, their mission is typically the discovery of new propositions that 
must be tested more rigorously in subsequent research specially designed for this 
purpose”. 
 
Figure 3.1: The research criteria to be fulfilled to obtain the recommendations 
 
 
Establish the level of thermal comfort 
experienced in Dammam's homes 
(Through the transverse and 
longitudinal surveys) 
Examine the criteria related to the thermal 
comfort as well as low energy in each setting 
(Review the characteristics and opportunities 
of maintaining comfort and decreasing energy 
use) 
Establish the palette of behavioural /physical 
/mechanical strategies used in the mix 
(Identify the characteristics of the system 
and the opportunities within the system in 
each home) 
Obtain the recommendations 
for Dammam's homes 
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 Thermal comfort survey 
There are two main methods to determine thermal comfort, namely, through climate 
chamber experiments or through field study experimentation. Climate chamber 
experiments can be conducted in laboratory settings, whereas field studies can be 
undertaken anywhere as long as you have the appropriate tools. The methodology used 
for this research is thermal comfort observations through a field study. The advantage 
of this choice is that it is in-situ experimentation, so the findings can be useful to be 
applied to other similar thermal environments that have the same social, cultural, and 
economic conditions. The environmental and individual criteria cannot be determined 
precisely, so the results are applicable to the normal environments experienced by the 
occupants through the period of the study.  
There are three levels of field surveys: level one consists of simple measurements of 
temperature in occupied space without individual responses; level two involves 
measuring the condition of the thermal environment and the subjective response to it; 
and finally, level three surveys all the factors, needed to calculate the heat exchange 
between individuals and the occupied environment, together with their subjective 
responses (Nicol, 1993). In this research it was decided to use levels two for the field 
study.  
Two fundamental approaches will also be used in the field study, the transverse and the 
longitudinal approaches. The longitudinal method is to collect data from relatively few 
respondents and to repeat the surveys over a period of time, whereas the transverse 
approach involves collecting data from a large number of respondents, with only one 
assessment at a particular time and in a particular space. It is possible, from the 
longitudinal survey to examine the reliability of individual responses and see the 
progression of their adaptation to conditions, while the transverse survey indicates the 
degree of difference among individuals, which delivers a valuable perspective for a 
whole population, so these two types of study are complementary to each other 
(Humphreys, 1976). 
There are a number of subjective scales, which have been used in the assessment of 
thermal comfort, i.e. the Bedford and ASHRAE scales. The form and method of the 
implementation of the scales is crucial, in which subjects choose points on a scale 
between cold to hot, as in the seven point ASHRAE scale. The scales representing the 
participants’ responses give, or assess their physical and psychological conditions (For 
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more details see section 2.3.3). 
The researcher designed smartphone software called “ComfApp” (as shown in 
Figure 3.2) for the thermal comfort longitudinal survey to be operable on all smartphone 
platforms, making it easier, and more enjoyable, for subjects to respond during the 
day/night time and in any situation. The app assigned for each case as a unique serial 
number associated with the instruments installed on individual home. The survey 
included six questions and also requested personal information from subjects. The 
questions involved; thermal sensation, using a seven- point ASHRAE scale (cold, cool, 
slightly cool, neutral, slightly warm, warm, hot); preference scale (much cooler, a bit 
cooler, no change, a bit warmer, much warmer); humidity sensation, using four-point 
scale (very humid, humid, slightly humid, not humid); metabolic rate, clothing and the 
individual’s adaptations at a specific time and in an occupied room. The thermal scale 
and other sections of the questionnaire were translated into Arabic. As the culture and 
religion is taken into account, the values of clothing insulation were mainly derived from 
Al-ajmi et al. (2008) as well as from clothing values used by Nicol et al. (2012: pp.18). 
The metabolic rates given in ISO 7730 (cited in Nicol et al., 2012: pp.104) were used in 
this study. (see section 2.3.9, and also Appendix III). Furthermore, in order to 
understand the whole situation, demographical data about the subjects were collected 
through parallel questionnaires, as well questions related to the design of the houses 
being observed. 
 
Figure 3.2: The interface of “ComfApp”, the smartphone application that logs the occupant’s 
actual mean choice. 
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 Questionnaire 
Questionnaires as a quantitative data collection method can be distributed in paper form 
or sent by e-mail or post or can be filled in during a face-to-face interview be (Neuman, 
2013). In the current research, and after the experience from a pilot study, the use of 
questionnaire interviews is preferred, in order to ensure gathering a sufficient number 
of questionnaires, due to people’s unwillingness to volunteer such information unless 
they are in a face-to-face situation. as well as to make it easier to ask questions and 
discuss the responses (Neuman, 2013) and to deal with potential cases of illiteracy. 
According to Zeisel (2006), the purpose of using questionnaires is to determine and 
establish the similarities between people matching their answers to the same question. 
The role of using ‘precise questions’, therefore, is to provide a set of reliable measures 
(Neuman, 2013). The questionnaires, primarily, will be distributed and completed 
within each subject involved in each case study and gathered with transverse comfort 
survey simultaneously. 
There are two types of questionnaires those consisting of; open-ended questions 
(unstructured, free response) and closed-ended questions (structured, fixed response). 
The critical aspect is not which form is best, but in what circumstances it is most 
appropriate, and for what purposes and what are the practical limitations. Although 
open-ended questionnaires are considered time-consuming and closed-ended questions 
seem preferable because they save time and effort, the participants of this latter type, 
may neglect or overlook crucial beliefs and feelings (ibid). Therefore, since both types 
have certain advantages and disadvantages, this study suggests a questionnaire 
consisting of mixed-style questions. 
It is essential to take into consideration when designing questionnaires, to create a 
specific and direct question in a clear language and avoid embarrassing, hypothetical 
and personal questions (Sinclair, 1990). Moreover, Parsons (1994) points out that the 
fundamental psychological and principles phenomena differ between all nationalities 
because of the language and culture, so it is necessary to avoid cultural threads that may 
cause dissatisfaction with the subjects in return. He also points out that the selection of 
subjective scales will depend upon the population under investigation and an initial 
investigation may be necessary to identify meaningful parameters. Moreover, Parsons 
described the methodology of applying questionnaires, as that subjects to be asked to 
tick the answer that represents their current feelings (ibid). 
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ISO 10551 (2001) presents the principles and methodology for the construction and use 
of scales for assessing the environment. Scales are in fact divided into two types; the 
first one is personal, and the second is environmental. The layout of the questionnaire, 
which has been designed and used for this research project was based on the above 
considerations explained above and the ISO methodology. 
It is also based on other questionnaires by some researchers who are professionals in 
this field and others (e.g. Parsons, 1993; Nicol et al., 1994 and Humphreys et al., 2015). 
In addition to that, types of questions related to social interactions, personal influences, 
people’s general feelings and personal wellbeing issues have been taken from Raw 
(1995) in order to make this research survey valid for the city of Dammam. 
Subjects were asked to complete a questionnaire at the same time as the environmental 
variables were being recorded. Details of clothing and activities were noted for each 
subject. For the purpose of this research project, social interactions of the residents and 
their personal information and occupants' thermal sensation data have been included in 
the questionnaire. These data would include the age and gender of the subjects and 
his/her family; how many hours/day are spent inside the building including sleeping 
time and what time of the year they operate/shut off the AC. The subjective study 
involved collecting data using questionnaires, which were tested in a pilot study before 
starting the field work. For more details, see section 4.2 and Appendix I. The 
questionnaire is based on the following four sections: 
Section A: Background and personal information, which elicited the demographic 
data about the subjects and their families, and other general information, 
such as social interaction within a neighbourhood. 
Section B: General information about the house, which involved data about the 
construction of the house, and other factors, such as the outward 
appearance, the design and the thermal environment in general in the 
house. Also questions were asked related to the occupants’ behaviour 
inside their houses, such as the number of hours per day spent inside the 
house and the use of mechanical ventilation and their preferred room etc. 
Section C: This section is divided into two parts: first, the occupant’s perceptions of 
the environmental conditions in bedrooms and living rooms, taking into 
account such aspects as noise level, natural and electric lighting, natural 
and mechanical ventilation; secondly, the occupant’s thermal satisfaction 
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in the house in general, bearing in mind the level of such characteristics as 
dryness, stickiness and draughtiness. 
Section D: Thermal survey, which measures the thermal comfort indices at the 
moment of participating in the questionnaire. 
Section E: People’s opinion and personal wellbeing, to discover issues such as 
peoples’ attitudes towards and thoughts on clothing, or whether there are, 
for example, factors that influence their choice to open a window rather 
than the use of a fan or AC. This section is comprised of open-ended 
questions. 
At the end of each section ‘any comments’ were noted: for the purpose of the present 
work, the questionnaire was modified to include any notes or comments that might help 
the researcher to understand more about the environment and people’s social life. This 
provided information, which, it was anticipated, would help to explain any sociological 
reasons for people's responses to their environment (based, for example, on their culture 
and background). 
The questionnaire has been translated into the Arabic language based on the criteria set 
up by Humphreys et al. (2015). The translation was sent then to an English/Arabic 
translation centre for more accuracy, then the translated words used in the scales were 
also tested in a pilot study before distribution among the residents in the city Dammam, 
Saudi Arabia. The reasons for the pilot study or testing questionnaires are: 
a. To test peoples’ comprehension of each question; 
b. To revise and simplify the wordings of questions in accordance with the 
feedback, to avoid ambiguity; and 
c. To test the validity of the questions, which may contribute to research objectives. 
After testing the questionnaire, a reason behind the modification to some questions was 
the finding that section E was very neglected. Ignoring this section was due to people’s 
unwillingness to participate in writing for any length of time. Therefore, the researcher 
transformed this specific part into a dialogue/semi structured informal interview to 
understand the behavioural value and attribute behind the occupant choices as well as 
to build up awareness about the subject of thermal comfort in people minds.  
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 The selection of the case studies 
Case studies, for the purpose of this research, aim for more realistic descriptions, which 
can be integrated with the results from the surveys. They have been employed to 
investigate in further detail a limited number of houses where they can be used as 
explicit and illustrative examples from the wider sample. Moreover, and if appropriate, 
the researcher may have a chance to perform some site measurements, and draw up plans 
and sections and take photos, for more realistic descriptions that can be integrated with 
the results from the survey. 
This study aims to investigate occupants’ thermal comfort in their homes; however, 
organizing an extensive study in private homes can be difficult (Cena, 1994), due to the 
natural desire of people not to have their affairs interfered with. This issue is very 
critical, in countries with unique cultures, special customs, and with distinctive norms 
and values, such as those directed by religion, as in Saudi Arabia.  
However, the relationship between the occupants and their environments is very crucial, 
so if the occupied space is “atypical or of unusual design” that may influence the field 
result in terms of validity and reliability (Nicol, 1993). This study was looking for 
typical contemporary dwellings in the city of Dammam. The choice of the dwellings to 
be used for the survey was based on the following criteria:  
1. Located in Dammam, Alkhobar, and Dhahran, the main urban developments in 
the Dammam region. 
2. Recently built houses, regarded as contemporary houses (not more than 30 years 
old). 
3. Mixed mode air conditioned and naturally ventilated homes. 
4. Typical in terms of design and material as far as possible. 
Although the selection process of the case studies was based on these criteria, the 
availability and accessibility of the property limited the selection decision. This criterion 
was a crucial factor in the determination and selection of the cases. For privacy and 
cultural reasons, it was very difficult to find available places to take measurements 
without disturbing the family, and special arrangements had to be made in order to 
secure these units for investigation. Therefore, and because of this, the difficulty of 
finding a mutually compatible time for all families with regular coordination was an 
enormous limitation to gathering information in a such limited time.  
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This discussion will be continued later with a detailed description of these cases and 
will be given in the following chapter.  
 Field measurements 
According to Humphreys et al. (2015) the first priority for researchers who are 
anticipating conducting a field survey is that they should have a clear idea of what to 
measure, and how to measure it. A field measurement is a form of observational 
instrument which represents the most basic and most direct method of obtaining data. 
This technique is used regularly in behavioural studies where the aim is to examine a 
specific pattern for performance and is usually conducted in the natural setting 
associated with the issues that are under investigation. In fact, conducting field 
measurements in real life is not an easy task to accomplish, especially when people are 
engaged with jobs, children and other life activities. 
Measurements in the current study are of environmental or individual parameters. The 
former will be measured by tools provided by the researcher, while the others will be 
measured through the survey. The main environmental parameters are: 
• Air temperature 
According to Auliciems and Szokolay (2007) air temperature is the most important 
environmental aspect in field measurements. Humphreys (1976) notes that readings of 
air temperatures that are measured alone in a field survey will have been influenced, to 
some extent, by the mean radiant temperatures of the nearby surfaces. In fact, several 
researchers used only air temperature in their comfort studies, due to the high correlation 
between air temperatures and other form of measurements. Nicol and his team (1994), 
nevertheless, in their Pakistan field survey indicated that globe temperature and air 
temperature were quite similar. Therefore, the current study used air temperature as a 
principal physical variable in the longitudinal survey, alongside the globe temperature 
and mean radiant temperature in the transverse survey.  
• Relative humidity 
Humidity is a measure of the amount of water vapour in a sample of air. The most 
commonly used measure to describe humidity is relative humidity (RH%). In fact, there 
are other parallel measurements to quantify humidity like dew point (°C), water vapour 
pressure (pa), and absolute humidity (g/km3) (Humphreys et al., 2015). These variables 
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measure humidity, either directly (water vapour pressure – the pressure exerted by the 
water vapour in the sample, or absolute humidity - weight of the water vapour in a 
particular volume of the air) or through the interrelation between water vapour and 
temperature (dew point the temperature at which the water vapour condenses into liquid 
water, or RH, the water vapour pressure as a proportion of saturated water vapour at the 
temperature of the sample). All these thermodynamic parameters/humidity values were 
calculated manually using different equations then illustrated in the psychrometric chart 
of moist air at a constant pressure often equated to a sea level altitude. The 
measurements take a longer time to calculate, but with the psychrometric chart, which 
was pioneered by Willis Carrier in 1904, these values can be found within seconds 
(Gatley, 2004). 
Hensen (1990) concluded that the impact of humidity on thermal sensation is perhaps 
expected as a slight effect. However, when temperatures are inside or near the comfort 
zone, variations in relative humidity from 20% to 60% do not have any impact. In fact, 
it can be crucial when environments become warmer (Gonzalez and Gagge, 1973). de 
Dear et al. (1989) found that occupants feel cooler immediately when relative humidity 
decreases, and warmer immediately when it increases. 
In the present study RH was the measured variable and, initially, the results were 
analysed in terms of RH. However, absolute humidity was also calculated and then the 
data was re-analysed using this measure, for two reasons: absolute humidity is not 
directly affected by temperature (unlike relative humidity) but is a measure of the 
amount of water in the air; the amount of sweat able to be evaporated off the skin at 
higher temperatures (Givoni and Belding, 1962) is more directly related to absolute than 
to relative humidity (which is dependent on the air temperature).  
Absolute humidity is defined as the mass of water vapour in a certain volume of air, 
which is commonly written as [g/m3] (VAISALA, 2013) So, using the formula for 
absolute humidity to determine its value, if ideal gas behaviour is assumed, the absolute 
humidity can be calculated using; 
Α = C	× &'( 	(g/m3)                   (3.1) 
where, C = constant 2.16679 gK/J, Pw = vapour pressure in Pa, T = temperature in K. 
Vapour pressure (Pw) is calculated by dew-point temperature, which has been calculated 
by air temperature and relative humidity. 
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• Air Velocity 
In the mixed-mode ventilation spaces, especially if these are in a hot climate, air 
movement might have a slight influence on the thermal comfort of subjects. In the 
present study, an airflow meter, included in Kestrel 4400, measured air velocity. 
However, the amount of air velocity is only reported with the transverse technique, due 
to the limitation of the instruments.  
The physical measurements taken included air temperature, and relative humidity and 
air velocity measured using data loggers, as described in the sections below detailing 
the different instruments.  
 Instrumentation 
For the field measurement, two types of instruments, including Kestrel 4400 Heat Stress 
Tracker and KG100 USB Data loggers were used. All the instruments were portable and 
battery powered. The Kestrel 4400 Heat Stress Tracker was provided by the researcher 
due to the limitation of the school’s budget, whereas 26 new KG100 USB Data Loggers 
were financed by the School of the Built Environment at Heriot Watt University. 
Therefore, the KG100 Data Loggers were ordered online then delivered to Dammam, 
Saudi Arabia, in order to carry out the experiments during the summer of 2013. 
 Kestrel 4400 Heat Stress Tracker 
Kestrel-4400 Heat Stress Tracker is compact; battery powered, portable, waterproof and 
also has a large memory size for data logging. Furthermore, it can also log several 
parameters simultaneously, such as air temperature, globe temperature, relative 
humidity, mean radiant temperature, air velocity, wet bulb, altitude, and more than 
fifteen other factors. It is ideal for applications in indoor and outdoor environments. It 
can record temperatures ranging from -29°C to +70 °C and humidity ranging from 0 to 
100%, with a memory of 2300 readings for each factor. It is able to sample the data at 
intervals from 2 seconds to 12 hours, with minimum, maximum, average and actual 
readings. Furthermore, it has a high resolution of 0.1°C and provides better accuracy 
compared to similar data loggers. When logging the external recording, it was placed in 
the shade area to reduce the effect of sunlight on the device. Figure 3.3 (left side) shows 
the equipment assembled on a camera tripod at a height of 1 metre.  
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 Kg100 USB data logger 
The KG100 USB logger is a small, lightweight, battery powered device with a LCD 
interface. It is ideal for indoor environment applications and is designed for recording 
temperature and relative humidity. It can record temperature ranges from -40°C to +60 
°C with an accuracy of ±1.0°C between 0 - 50°C. The humidity measurement ranges 
from 10% to 99% and an accuracy of ± 4% up to 20%. KG100 can log up to 16320 
readings with the ability to record the data at intervals from 1 min to 4 hours, with 
minimum, maximum, average and actual readings. Figure 3.4 (left side) shows the USB 
data logger fitted in the living room of one of the cases during the field survey. 
 Instruments calibration 
The instruments are not certified because no absolute readings were needed. The 
instruments were tested against each other intending to establish linear regression and 
correction factors. The two sets of instrumentation were put in parallel in the same 
environment inside a closed room for one hour where the loggers set to record data with 
one second interval. As a result, the differences between the readings and the average 
of the two sensors are within the specified resolution of the sensor (0.03°C), indicating 
acceptable similarity. On the other hand, the recorded relative humidity from the internal 
humidity sensor in the USB data logger shows that the differences between the recorded 
relative humidity and the average are within 0.2% limits. Although this exceeds the 
specified resolution of the sensor, the difference is acceptable as the resolution acquired 
by the methodology is 1.0%. However, the logger’s batteries were changed after each 
case, just in case and to make sure collecting reliable data. 
 Instrument software 
It is necessary with the enormous amount of data to transfer them for further analysis. 
As using Kestrel 4400 heat stress tracker in the transverse survey, the device comes with 
software that downloads the recorded data from the instrument. It has Integrated 
Bluetooth wireless and offers both real-time and logged data that can be transferred 
wirelessly and operated by Kestrel Interface. When the data is offloaded, the recorded 
data is initially presented in a form of comma-separated values (.csv). The downloaded 
data can easily be exported into programs such as Microsoft Excel, which allows 
converting the data to a table form or graphs.  
chapter three: Research methodology 
 
52 
 
 
Figure 3.3: The Kestrel 4400 measuring in the field work, attached to the tripod at a height of 
1m (Source: the author) 
 
Figure 3.4: The USB data logger fitted in the living room in one of the cases, (Source: the 
author) 
With the KG100 USB data logger, the logged data can be easily transferred to the 
computer and operated by the USB data logger program. The software that comes with 
the device can download the recorded data from the loggers. When the data is offloaded, 
the recorded data is initially presented as a graph but it can also be displayed as a table 
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of readings as well (Figure 3.5). The downloaded data can be exported into programs 
such as Microsoft Excel. For more examples see the Appendix V.  
 
Figure 3.5: The top left and right corner shows the interface of the KG100 USB logger program 
from which data can be exported as a .csv file, the data can then be illustrated in graphs in Excel 
(lower picture). 
 Summary 
In order to explain the methodology that has been used in the research, this chapter has 
described the model of the method which was planned to establish the thermal comfort 
in Dammam’s homes. The chapter has described the techniques that were explored for 
this research. It also included the criteria behind the design of the questionnaire and the 
reason behind using the informal interview. Finally, the instruments that have been used 
in the field work have been described. These details have been explained in this chapter 
in order to present in a clear way the link to the following chapter that describes the 
sequence of the experimental procedures of the research project.  
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 FIELDWORK PROCEDURE AND 
DATA COLLECTION 
“The quality of a human environment can be measured only in terms of its effect on 
the people who experience it” 
 Edward Allen  
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 Introduction 
Conducting fieldwork in order to study people’s thermal experience in their homes was 
never an easy task in such a culture and extreme climate as exists in Saudi Arabia. This 
chapter explains how this fieldwork was conducted, its procedure, and the form and 
nature of the data collected. The chapter has two parts: the first part deals with the 
procedure of the fieldwork, and the fieldwork plan and also describes the sample 
buildings in detail. The second part briefly outlines the results that were collected during 
the subjective survey from the occupants of their dwellings using the questionnaires. 
This part includes an overall summary of the results of the questionnaire, the transverse 
survey, the longitudinal survey, and the occupants’ interviews. The remaining results, 
those collected from all forms of assessments, are analysed and evaluated in the 
following chapters five and six.  
 Preparation for the fieldwork and data collection 
The process of data collection is based on multiple sources; while the spatial data 
sources are archival documents from governmental authorities and public agencies, such 
as past and present studies of housing in the city of Dammam, Saudi Arabia, statistical 
reports and design guidelines. However, the social and behavioural data sources were 
mainly collected through the questionnaire technique and interviewing the occupants. 
Therefore, through initial field work, to test the reliability of the methods used in the 
present research, the researcher had to do a pilot study before launching the real 
fieldwork. 
The researcher was fortunate to conduct the pilot study during the yearly visit to Saudi 
Arabia in winter 2013, in the city of Dammam. The aim of conducting this pilot study 
in the same context as the proposed research was to obtain a clearer understanding of 
the advantages and limitations of the methodology used, both in the environmental 
measurements and comfort study, so these could be considered, avoided, or adjusted in 
advance. The other aim was to inquire in advance an arrangement for the availability of 
volunteers for the practical fieldwork, as in the summertime people normally travel to 
cool places.  
 Fieldwork experiments aim and objectives 
Humphreys (1976) claims that the results of a field study may be regarded as the 
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phenomena to be explained by theoretical models of thermal comfort. Discrepancies 
between the predictions of the theoretical models and the observations of field studies 
are valuable indicators of areas where our understanding of the subject is incomplete. A 
concise statement of the principal results of studies on the ground currently available is, 
therefore, appropriate here. Understanding the thermal comfort zone is very useful to 
enhance the design of buildings, specifically in homes, to avoid wasting energy, as 
occupants usually ignore controlling the energy they use while trying to acquire comfort. 
Therefore, the crucial aim of the fieldwork is to investigate the occupants’ thermal 
experience and their preferences and behaviours in their dwellings, along with gathering 
the design drawings and energy consumption data of each dwelling. This aim is achieved 
through the following main objectives which originally form the research objectives 
(section 1.4): 
1. To determine the neutral temperature in the summer and winter seasons and its 
relationship with indoor temperature. 
2. To identify some of the adaptive behaviours used by people in their dwellings to 
ensure comfortable conditions. 
3. To investigate the average energy consumption in existing Dammam homes and 
the operational cost of cooling these dwellings. 
4. To explore the range of adaptive opportunities of the individual homes’ design 
that could be exploited to achieve comfort. 
 Fieldwork procedure and strategy 
Nicol (1993:49) , in his thermal comfort handbook for field surveys, states the difficulty 
in deciding the exact number of observations or subjects needed, but advocates as much 
data as possible for statistical analysis, and suggests that an adequate number would be 
twenty subjects providing 100 data sets each, but adds: “if you can get more data sets 
without wearing out your subject so unduly extending the period over which the data is 
collected then do so”.  
In this study:  
a) The present fieldwork was carried out in 20 and 9 different residential buildings 
in the Eastern Region of Saudi Arabia in hot and cool season respectively.  
b) Efforts were made to target typical dwellings so that they could be used as a 
model for other dwellings of similar characteristics and operation.  
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c) The questionnaire form was used to carry out data collection at the dwellings, 
with the respondents sitting with the researcher.  
d) Furthermore, the subjects were selected randomly from different groups of 
people in Dammam (26.4° N, 49.9° E), i.e. educated, administrative and elite 
groups as well as average middle and lower income households, to represent a 
typical range of sample households.  
e) Two sets of results were obtained from the strategy of applying both 
questionnaires and physical measurement, as has been discussed previously. A 
sample of nineteen dwellings was used for the subjective study. Surveys of 
seventeen homes were conducted in the hot season, during August 2013, and 
seven homes were surveyed in the cold season, during January 2014, with 
surveys of five homes carried out in both seasons. 
f) An ignorance of Three cases from the hot season and two cases from the cool 
season datasets were ignored due to either the non-completion of the comfort 
survey or the incorrect readings of the loggers. So the total number was 19 homes 
where 5 homes conducted in both seasons.   
The first step to implementing the field survey was to obtain permission to conduct the 
field experiment in each home, which was quite difficult without the prior arrangements. 
In addition to the pre-arrangements needed, the subject of thermal comfort is not familiar 
to the Saudi culture and many of the householders would not agree to conduct the field 
experiments in their homes. As a result, choices were limited to 20 homes those 
householders who permitted the researcher to conduct the field experiments without any 
conditions. Furthermore, due to the limited number of available instruments, the 
researcher then tried to arrange the volunteers in order to distribute the instruments to 
the cooperative volunteers during the month of August. In the first meeting, the 
researcher gave an introduction to the occupants of the homes, explaining the objectives 
of the research to be performed and its importance for the living environment. 
Participants were also assured that their identity would not be disclosed in the research. 
The questionnaires were made available in English as well as in Arabic, to further 
encourage participation in the research and only the Arabic version were used. 
The researcher visited each householder to explain the project method and the 
integration between the loggers and the survey. In fact, there was a major problem when 
the researcher was going to visit any householder for a field survey, particularly in 
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transverse sampling. This problem was that the occupants would immediately change 
their normal activity and clothing in the home, and dress formally during the visit due 
to religion and cultural reasons. Moreover, it was not possible for the researcher to meet 
the female occupants, therefore, some preparation was undertaken before all visits, such 
as: 
1. A female assistant was charged to be with the researcher on a permanent basis 
and shared a clear image of the research aim, objectives and methods. 
2. Explanation was provided to the subjects a day before by phone, as to what the 
survey consisted of and also they were asked if they preferred the attendance of 
the female assistant with the researcher. 
3. Having once arrived at the dwelling, the equipment was placed in the suitable 
location, by the researcher, and the respondents were requested to complete the 
questionnaire in approximately 5-10 minutes. 
For each home, the data was collected in three different stages. In the initial stage, 
information related to the building’s physical and operational characteristics was 
collected, such as in-situ drawings of the building that the householder could provide 
and the energy data obtained from the home-owner; in fact, almost all householders did 
not have this information available at the time and suggested that they would email it to 
the researcher. Apart from the energy data, which was emailed by the owners, it was 
hard to obtain floor plans for all dwellings, due to the lack of assistance, as well as the 
availability of drawings. Therefore, with only the support of some individual occupants, 
the researcher had to take the dimensions of the floor plans and draw them manually 
alongside with the measurements of wall thicknesses, ceiling heights wall/window ratio, 
etc. Further information was obtained from the dialogue with the occupants, such as 
information about the adaptation of the dwelling design, openings, the HVAC system, 
and the operational cost of the dwelling. Collecting these data helped to develop the 
base case model in proximity to the real building. The second stage involved an 
objective assessment of air temperature, relative humidity, and air velocity through 
measurements at these dwellings. The last stage, a subjective assessment of thermal 
comfort was carried out involving the dwelling’s users, to obtain their view regarding 
the prevailing indoor thermal comfort conditions. 
The crucial question is how the environmental variables were measured. For this study, 
the KG100 USB Data loggers were placed in bedrooms and living rooms in each of the 
Chapter four: Fieldwork procedure and data collection 
59 
studied dwellings, to measure the environmental parameters, while at the same time the 
subjects would make a comfort assessment using a unique ComfApp on their 
smartphones. The data loggers were located in a place that was sufficiently away from 
windows, sunlight, cooling units and any heating source, such as TVs within the rooms 
and close to the normal occupied place. 
After data collection in each dwelling, measurements were transferred from each data 
logger to a computer and saved, in order to avoid the risk of losing the readings for any 
reason. When the equipment was moved to the next dwelling, the batteries were changed 
in each device, to format the device to ensure more accurate measurements, and then 
the researcher connected it with another unique ComfApp to carry out another 
experiment. 
In all the studied dwellings the air temperature and humidity were measured as 
environmental factors while the measurements were collected over an average of 10 
days for each household. The recording interval was set to 5 minutes for all 
measurements. It is clear that there are limitations to the accuracy of the findings from 
such a set up. This is the reason for the concurrent questionnaire survey. A further 
limitation of the research was that there was only one Kestrel-4400 device, which was 
carried by the researcher, and the measurements, were taken at least twice for each 
household. 
 
Figure 4.1: An example of the actual recording of the householder’s mean votes by their 
smartphones in Arabic. 
The total stored string was approximately 9000 readings of temperature and humidity 
for each measured room in all dwellings. Consequently, the whole dataset was huge in 
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terms of numbers that were achieved, numbering approximately 300,000 readings. 
Following data collection in all the dwellings, the challenging stage was to match a 
specific indoor temperature and relative humidity with the outdoor temperature and 
relative humidity that would correspond with the actual mean votes. Therefore, as the 
differences between the indoor temperatures were very slight, the researcher reduced 
the interval between environmental readings to be one hour in order to make it readable 
when matching the data with outdoor temperatures and the 622 total subject’s responses. 
Furthermore, the outside temperature and relative humidity at the time of each response 
were added to the data set, which was obtained from the weather station in Dammam 
city. Finally, the results were recompiled into an English version and encoded into 
numbers for the use of statistical analysis software in the last stage (Figure 4.2). 
 
Figure 4.2: The same above example, in figure 4.1, with the results encoded for the statistical 
work and the calculated “clo” value based on (Al-ajmi et al., 2008), see Appendix IV. 
 Description of the case studies 
The fieldwork trip involved nineteen dwellings that varied in type and characteristics, 
some being individual apartments or villas, and were all characterised by mixed-method 
ventilation properties. All the respondents in this research who lived in the dwellings 
surveyed were Saudi nationals. These homes were occupied by middle-class families, 
with an average of 6 people in each household, distributed within a radius of 15 miles 
within and around the city of Dammam (26.4° N, 49.9° E), in the Eastern Region of 
Saudi Arabia (Figure 4.3). The field measurements and survey were carried out during 
August 2013 and January 2014. 
The studied dwellings were chosen from a mixture of types, including villas, apartments, 
old design, new design, red brick and concrete block structure and were up to 30 years 
old. Figure 4.4 shows an example of these building types. The form, orientation, 
envelopes and construction of the dwellings and their HVAC systems were quite 
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19/08 01:54 PM 11 1 2 3 4 3 5 0.39 D,  B 2 
19/08 02:14 PM 11 2 2 2 3 1 5 0.39 A , F 2 
19/08 03:22 PM 11 2 2 2 3 0 5 0.59 C,  B 1 
20/08 05:22 AM 12 2 4 4 3 0 5 0.18 A 2 
20/08 07:54 AM 11 1 2 2 4 3 5 0.59 F,  A 2 
20/08 01:45 PM 11 2 2 2 3 3 2 0.12 F,  D,  E,  B 2 
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different from each other, as a result of being randomly selected. Some dwellings in the 
study had envelopes with very high thermal integrity, high levels of external wall 
insulation ranging between 20-30 cm wall thickness, double-glazing, minimal thermal 
bridging and efficient HVAC systems. Others had minimal or no insulation, a single 
glazing with air leaks, thermal bridges and inefficient cooling machines. Most of the 
homes had been built of typical concrete block construction, single/double block – 
externally rendered. All homes had operable windows, and almost all the occupants had 
potential visual contact with the outside. 
Although the sample size means this group is not representative of the population of 
such dwellings as a whole in the eastern region, these particular dwellings have been 
selected as case studies to compare their environmental conditions and to establish some 
information on thermal comfort in this specific region.  
 
Figure 4.3: Map of the distribution of the locations of the cases in Dammam (26.4° N, 49.9° E), 
in the eastern region of Saudi Arabia (Source: Google Maps, 2016) 
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Figure 4.4: Typical example of the contemporary houses in Dammam, August 2013. The left 
hand shows the building site plan drawn by the researcher, while on the right are some 
photographs of the elevation and the measured living room and bedroom.  
 The summer field trip 
These field experiments were carried out in Dammam during the extremely hot season 
of August 2013. After receiving the data loggers from the supplier in Dammam at the 
beginning of August, arrangements were made with the first phase householders to start 
the project. Obtaining permission to conduct field experiments in each home was the 
first step. As mentioned before, this was not easy to obtain, due to the fact that the 
thermal comfort subject being unfamiliar with local Saudi Arabian culture, and many of 
the householders approached did not agree to taking part in the field experiment. As a 
result, the choice was finally limited to twenty householders who permitted the 
researcher to conduct the field experiments. After obtaining permission from the twenty 
selected dwellings the field experiments were conducted in three phases as seven homes 
every ten days. In fact, after collecting the data, there were problems in three cases, in 
that they did not collaborate in filling in the survey at all, or moved the equipment from 
its place, so wrong measurements were gathered. Therefore, it was necessary to ignore 
these three cases in order to have clear readings and the total sample of the summer field 
trip was seventeen dwellings, instead of twenty as planned with a total of 472 actual 
comfort votes associated with around 1900 in door and outdoor environmental 
measurements. 
First floor 
Ground floor 
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 The winter field trip 
After the summer field experiment and the experience gained, another field experiment 
was carried out during the winter of January 2014. The aim of this fieldtrip was to gain 
data for the cool season to make a comparison with the summer data in terms of comfort 
experience and buildings performance. Similarly, to the experience in the summer, 
many people refused to cooperate again with the project mainly because they prefer not 
to take responsibility of the equipment and filling the survey. As a result, choices were 
very limited, to only seven householders, who permitted the researcher to conduct the 
field experiments again, in addition to another two, different, householders. Thus, the 
field experiments were conducted with just nine householders. In fact, as in the summer 
trip, it was discovered after collecting the data that two of the cases had not collaborated 
in filling in the survey at all. Thus, these two cases were disregarded and the total 
number of cases was seven dwellings, five of whom were also those surveyed during 
the summer field trip with a total of 89 actual comfort votes associated with more than 
350 indoor and outdoor environmental measurements. Obtaining more data in the winter 
period was not possible, due to the midterm holiday, and many people were travelling 
or camping at this time of the year. 
 Following the fieldwork 
After gathering all the data, it was a large task for the researcher to link the data loggers’ 
stream to the survey results, based on the time stream. The researcher worked manually, 
looking carefully for the results from the data loggers and the data from the Dammam 
weather station to connect them with the survey outcomes. 
 Summary of the overall findings 
The field surveys were completed with a total subject group of 39 people and the gender 
split was 19 and 20, between males and females respectively. The ages of the subjects 
ranged from twenty to over sixty years with a mean age of 37 years old. All subjects 
were in good health. 
The measurements taken in the fieldwork, shown in Table 4.1, provide a valuable insight 
into the range of temperature experienced in the studied dwellings. During the fieldwork 
in August, the indoor air temperatures ranged from a low of 19.9°C to 39.3°C during 
the summer fieldtrip with an average of around 27°C. A single high report of 39.3°C 
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was recorded in a unique event in one of the cases. On the other hand, during the cold 
season the indoor air temperatures ranged from a low of 18.2°C to 29.5°C, with an 
average of around 21°C. 
The recorded humidity taken in the fieldwork indicates that it fluctuated from a low of 
29% to a high of 84%, with an average of around 60% relative humidity in the hot 
season, while in in the cool season it fluctuated from a low of 59% to a high of 96%, 
with an average of around 79% relative humidity. These variations might be due to 
individual homes containing different humidity distributions created by the behaviour 
of the occupants (cooking, cleaning, bathing, use of dehumidifying HVAC etc.) which 
will modify the humidity, as well as the effect of outdoor humidity, which might account 
for a major share of the conditions. The mean relative humidity of the whole sample of 
62.8% appears to be higher than the optimal standard of 55% followed as a rule of thumb 
by HVAC engineers for so long. Additionally, 80% of the data set experienced a relative 
humidity higher than 55%. 
Table 4.1: The range of indoor air temperature (°C) and relative humidity (%) experienced in 
the studied dwellings of the present study in both seasons (N referred to the number of 
ComfApp readings in each case). 
Dwelling # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 All 
ho
t s
ea
so
n 
N 34 33 23 30 41 19 37 27 25 19 19 37 28 29 53 24 23   525 
Ta 
Mean 25.7 27.2 26.8 28.7 27.5 30.4 24.1 26.8 22.4 26.7 28.6 23.1 28.6 28.1 31.5 27.6 27.5   27.1 
Min 21.5 23.1 21.8 25.6 25.3 25.5 22.3 21.8 19.9 20.2 22.2 20.1 25.7 24.3 26 22.6 24.2   19.9 
Max 32.7 32.9 29.9 32.7 31.7 35.2 28.4 32.6 25.2 33.8 33.1 26.2 39.3 32.1 34.9 30.9 30.5   39.3 
RH 
Mean 52.2 64.6 54.1 65.1 62.4 59.3 58.4 64.8 65 67.8 59.1 62.9 52.3 41.3 60.5 55.7 72.6   59.9 
Min 33 47 44 53 55 47 42 55 53 51 52 57 48 29 46 42 63   29 
Max 72 73 65 80 71 66 79 82 73 83 67 73 58 56 75 70 84   84 
co
ol
 se
as
on
 
N 16  11 10 9       13      22 14 97 
Ta 
Mean 20.6  22.3 20.4 20       19.5      24.5 21.8 21.3 
Min 18.6  21.2 19 19.1       18.2      20.8 18.5 18.2 
Max 29.5  23.9 21.5 20.6       20.8      26.7 25.1 29.5 
RH 
Mean 84.1  75.4 81.5 68       84.7      78.2 80.5 78.9 
Min 69  71 73 59       76      68 68 59 
Max 87  87 92 77       94      86 96 96 
The mean clothing values were 0.42 clo with a minimum of 0.05 clo (only short Serwal 
with T-shirt) and a maximum of 0.97 clo (formal Saudi Thowb and Shemagh) see 
Appendix III. However, in winter, the mean clothing values were 0.46 clo with a 
minimum of 0.12 clo and a maximum of 1.2 clo. About 60% of subject’s clothing values 
were in the range of 0.05 clo to 0.41 clo. The mean metabolic rate was 0.67 met and 0.3 
met during the hot season and cold season respectively. 
The analysis of the summer field trip sensation responses shows that about 65% of 
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subjects’ votes in indoor conditions indicated one of the four top categories: between 
Hot and Neutral, and the mean sensation votes for all subjects on the ASHRAE scale 
were 3.32 (Slightly warm). Furthermore, almost the same portion of subject’s 
preferences indicated they wanted more cooling to be more comfortable, which 
primarily shows that these people were not very satisfied with their environmental 
conditions in the summer. 
However, in the cold season, the mean sensation votes for all subjects on the ASHRAE 
scale were 4.15 (Neutral). Furthermore, the mean of subject’s votes on the preference 
scale indicated they wanted no change, which shows that these people were satisfied 
with their environmental conditions. 
 Summary 
This chapter has focused on describing and explaining the procedures that were 
undertaken to conduct the field surveys in the city of Dammam, Saudi Arabia. It 
highlighted, at the beginning, the questionnaire preparation technique, and then 
described the field survey in terms of its design and the sample selection of case studies. 
This section was included in this chapter in order to link the present results gathered 
with the previous information in Chapters 1 Introduction and 4 The research 
methodology, in which the field survey methodology was introduced. In addition, some 
of the subjective results from the questionnaires have been presented. This preliminary 
analysis is based only on the occupants' reported results and their overall actual mean 
vote (AMV).  
The results showed that, in their homes, the occupants were experiencing a variety of 
comfortable and uncomfortable time periods, which depended on the quality of their 
overall indoor climate. Further examination and analysis of these results will be carried 
out as the basis for the following chapters, 5, 6 and 7. 
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 FINDINGS AND ANALYSIS 
"Findings, if potentially useful to the designer, are often communicated in a language 
she finds difficult to understand.” 
Sir Hugh Casson 
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 Introduction  
This chapter records the data that have been collected during the field surveys in 
Dammam during the summer and winter periods. It comprises two parts: The first 
section focuses on the results gathered during the subjective study from the occupants 
in their dwellings, by means of the questionnaire. The second part of this chapter 
analyses and evaluates all the available data regarding the thermal comfort survey, the 
physical environment and the energy consumption in each dwelling. All the 
measurements for thermal comfort requirements have been collected in the form of both 
subjective data and objective data (as explained previously in Chapter Four). 
As mentioned in Chapter Two, the thermal comfort standards prescribed by EN ISO 
7730 (1995) were the first to have been used on a worldwide basis. They are based on 
Fanger's work on climate chamber experiments that led to the PMV model, which is 
applicable to both naturally ventilated and air-conditioned buildings. However, the 
adaptive approach is adopted here to take into account also the range of adaptive 
opportunities and related actions that a people can, and do, take advantage of to achieve 
thermal comfort. Both approaches consider the same six basic parameters (i.e. four 
physical and two personal) as in the original PMV mode. However, the adaptive 
approach additionally considers the comfort temperatures in relation to outside air 
temperature, together with the behaviours of the occupants that influence their 
adaptation. 
This chapter seeks to determine the extent to which existing research findings, 
correspond with the ISO 7730 standard which is based both on the Fanger PMV model 
(Fanger, 1970) and the adaptive model (Humphreys, 1976; Auliciems, 1983; de Dear et 
al., 1998; Nicol et al., 2012). A key question here is whether current models used to 
establish comfort conditions are appropriate for people who live in the extremely hot 
and humid climate of the Dammam region. The extent to which deviations from comfort 
conditions affect the degree of the discomfort of people in such environments is also 
explored. 
In the following sections, a summary of the questionnaire findings will be introduced 
briefly, and an overview of the thermal comfort surveys will be followed by a discussion 
of the findings both the transverse and the longitudinal surveys including; the subject 
information, physical data, individual parameters, sensation responses, preference 
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choices and humidity perceptions. This is followed by a primary analysis of the data, 
giving the relationship between the means of the variables, standard deviations and 
correlation coefficients, in order to demonstrate the nature and impact of a range of 
actions on the thermal sensations experienced in these Dammam homes. A detailed 
analysis of the performance of critical homes studied and the occupants’ behaviour is 
undertaken in the following chapter. This allows for an evaluation of the efficacy and 
suitability of the different thermal comfort models and a discussion of their 
appropriateness for use in domestic fields surveys such as these in Dammam. 
 Questionnaire findings 
The questionnaire was divided into four sections: demographic information, building 
type and personal profiles, occupant’s thermal comfort in the whole building, general 
reported feeling and personal experiences. 
 Demographic information 
The total sample of responses numbered sixty-one subjects for the general 
questionnaire, drawn from occupants of Dammam homes. All the participants were 
Saudi nationals and the age of the subjects ranged from 15 to over 60 years old, with a 
mean of 37 years old and with a gender split of thirty-four males and twenty-seven 
females. The majority of cohort dwellers were classified as belonging to the middle-
income group, whose monthly income falls within the range of 10 to 20 thousand SAR 
(£1,800 to £3,600), which represents 40% of the total responses.  
In addition, all subjects reported they were in good health, except four people who had 
high blood pressure and diabetes, which are chronic illnesses. Thirty percent of the total 
respondents claimed that they have respiratory problems and/or skin problems 
aggravated by the high temperatures. When calculating the body mass index of the 
responses, seventy-two percent of the research population were overweight (Table 5.2). 
Table 5.1: Distribution of the participants’ demographical data from the questionnaire 
Gender 
Age 
15-20 21-30 31-40 41-50 51-60 over 60 Total 
Male 1  9 10 6  6 2 34 
Female 4 12 4 3  4  27 
Total 5 21 14 9 10 2 61 
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Table 5.2: Distribution of the health condition and body mass index of the total participants 
(each star represents an occupant with health issues aggravated at high temperature) 
BMI scale Male Female Total 
Underweight 3 1 4 
Healthy weight 7* 3* 10** 
Slightly overweight 9 13* 22* 
Heavily overweight 15* 10 25* 
Total 34** 27** 61**** 
Regarding the respondents’ neighbourhood, 72% had lived in the same neighbourhood 
for more than ten years. 85% of the participants, reported, having a good relationship 
with their neighbours. Half of the contributors regarded their neighbourhood as safe, but 
around 23% considered the neighbourhood to be unsafe for their family’s normal life. 
Approximately 67% of the total respondents said they found the overall environment, 
including noise, neighbours, aesthetics and landscape acceptable for them. However, 
most of the criticism voiced by the remaining respondents focused on the extreme hot 
climate, as well as the ineffectiveness and deterioration of the local infrastructure of the 
neighbourhood, which a number of respondents felt was unfit for its purpose. 
 Buildings and physical characteristics 
 Of the people who participated in the questionnaire, 44 were living in houses/villas and 
17 in apartments. Around 70% of the respondents have lived in their current home for 
less than 15 years, and 20% for more than 15 years. Only a quarter of the respondents 
were renting their dwellings, and the rest either owned their homes or were living in 
their parent’s property. 
The sizes of the majority of the homes are in the range of 300m2 to 800m2, and 20% are 
larger than 800m2. Half of the participants live in a double storey building while around 
25% live in a single storey home and the rest of them in buildings with more than two 
storeys. The number of bedrooms in each home is dependent on the total area of the 
dwelling and not to the number of occupants in each dwelling. In terms of the home 
sizes and the number of bedrooms, therefore the majority of the respondents (35%) lived 
in homes which have between one and three bedrooms. However, the maximum number 
of bedrooms in a single home was nine, most likely allowing a sub-family to live in the 
same house. Additionally, the number of toilets is also dependent on the number of 
bedrooms in each home, where the maximum was twelve toilets, in the nine-bedroom 
home.  
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Regarding the design of homes, almost half of the participants did not like the overall 
design of their dwelling, and around 32% were dissatisfied with the interior design of 
the dwelling. Moreover, around half of the contributors reported that they felt more 
comfortable in their bedrooms while 40% preferred the thermal environment in their 
living rooms. 
Turning to the type of the air conditioning system installed in dwellings, around 20% of 
the participants were using a central HVAC system only in their homes, while 10% and 
40% operated Window AC units and Split AC units inside each room respectively; the 
remaining 30% have a combination of Split AC units and either Window AC units or 
central HVAC systems. However, only seven participants 10% had ceiling fans installed 
in their most occupied rooms as a useful technology to operate in between extreme 
seasons and they are rarely operated. 
 Operating the AC system 
The majority of people stated that the decision to operate the AC over the year depends 
on the outside weather conditions. Table 5.3 shows that the majority of the participants 
operate the AC during the day-time from April until the end of November. At night-
time, however, the majority start to operate their AC in May and switch them off by 
October every year. Moreover, looking to the electricity performance in Figure 5.14 
supporting the statement that most people do not use the AC during November till 
March. 
Table 5.3 Percentage distribution of people decides to operate and switch off the AC system 
over the day/night time annually. 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Start to operate AC over daytime 
4.9% 8.1% 21.2% 26.3% 21.3% 8.2%       
Start to switch off AC over daytime 
        22.9% 27.9% 29.4% 9.8% 
Start to operate AC over night-time 
4.8% 4.9% 13.1% 26.1% 34.3% 6.5%       
Start to switch off AC over night-time 
        32.8% 35.9% 14.6% 6.4% 
Regarding the operational cost of the AC system and its maintenance issues, more than 
60% claimed that the leading cause of the cooling device failure is the problem of dust 
clogging the machine. The cost of cleaning maintenance is directly related to the volume 
of dust accumulating over the year. There seems to be a fairly common misconception 
that householders think that the maintenance of the AC system is to only to mobilise the 
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Freon gas. In this research more than half of the participants just top up the Freon gas 
when it is reduced, without a regular check of the AC system, which consequently has 
a reduction on the overall efficiency of the cooling system efficiency in the long term 
and its electricity consumption. 
However, householders appear not to be concerned about the cost of maintenance cost, 
as 60% responded it is not expensive to maintain the AC system. According to half of 
the participants, the average cost of maintaining a single cooling unit, which only covers 
the adding of Freon and cleaning dust from a single machine, is in the range of 200 to 
300SAR (£55). However, around 30% of the participants claimed the cost is above 
300SAR. In terms of frequency, 80% of the participants usually bring professionals to 
maintain their cooling system from once or twice a year. Taking the fact that maintaining 
a single unit costs around 300 SAR (£55), the price of a single maintenance service 
checks for the whole home, without the cost of failed parts, depends on the number of 
cooled rooms in each home, and ranges from around 1,500 SAR (£275) to 3,600 SAR 
(£660) for homes with five rooms and twelve rooms respectively. 
 Thermal comfort survey findings 
 Thermal comfort survey 
As described in Chapter Four, the field study method using reported thermal comfort 
observations was used in this study. The following section will describe the findings of 
the field studies undertaken for this research.  
5.3.1.1 Subject information 
The sample for the comfort survey responses consisted of thirty-nine subjects, eighteen 
males and twenty-one females, distributed in nineteen Dammam homes. The total 
sample of survey responses obtained from those subjects numbered 561, drawn from 
nineteen homes in Dammam during the hot and the cool season. All participants were 
Saudi nationals, and the ages of the subjects ranged from 21 to 60 years old, with a mean 
age of 34. The largest group of the cohort are classified as belonging to the middle-
income group, representing 44% of the total responses.  
Apart from the four subjects who had chronic illnesses, all subjects were in good health 
during the time of the survey. Ten subjects reported that they had respiratory problems 
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or a skin problem (five respondents for each) which was aggravated by high 
temperatures. In addition, 83% of those who participated in the longitudinal survey were 
overweight. 
Table 5.4: Distribution of the demographic data and the body mass index of the participants 
included in the comfort survey (each star represents an occupant with a health issue 
aggravated by high temperatures) 
Gender Age 
BMI 
Total 
healthy weight slightly overweight 
heavily 
overweight 
Male 
21-30 0 0 0 0 
31-40 3 1 3 7 
41-50 1* 1 2 4* 
51-60 1 1 3* 5* 
Total 5* 3 8* 16** 
Female 
21-30 0 6 4 10 
31-40 0 1 1 2 
41-50 0 1 2 3 
51-60 1* 2* 1 4** 
Total 1* 10* 8 19** 
Total 
21-30 0 6 4 10 
31-40 3 2 4 9 
41-50 1* 2 4 7* 
51-60 2* 3* 4* 9*** 
Total 6** 13* 16* 35**** 
Table 5.5 Summary of personal information of the respondents included in the comfort survey. 
Total number of dwellings 19 
Average number of people in dwellings                               (person/bldg.) 6.5  
Gender Male                         (person/bldg.) 4.7 Female                     (person/bldg.) 3.2 
Age Adult                        (person/bldg.) 3.7 Children under 18    (person/bldg.) 2.6 
Occupancy Owner                       (%) 77 Tenant                       (%) 23 
5.3.1.2 Distribution of physical data 
In this study, air temperatures and relative humidity were measured indoors and 
outdoors for both longitudinal and transverse surveys, whereas MRT (mean radiant 
temperature), air velocity, and globe temperatures were only collected at indoor 
conditions for the transverse survey. Summaries of the climatic data in terms of their 
means, ranges and standard deviation are tabulated in Table 5.6 for the hot and cool 
seasons. Perfect temperature control could not be expected, especially when all of the 
dwellings operated different AC systems, quite possibly with different temperature set 
points. Details of measurement protocols were included in Chapter Four (4.6). 
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Table 5.6 Means, standard deviation, minimum and maximum of both transverse (T) and 
longitudinal (L) survey environmental data in the hot (H) and cool (C) seasons. 
  L.H. T.H. L.C. T.C H. all C. all All 
Number of readings 472 53 89 8 525 97 622 
Outdoor Ta 
(°C) 
mean 35.9 37.7 14.5 14.8 36.1 14.5 32.7 
SD 5.4 3.7 3.7 3.2 5.31 3.62 9.34 
Min. 26.0 29.0 8.0 12.0 26 8 8 
Max. 47.0 45.1 22.0 19.0 47 22 47 
Outdoor 
RH 
(%) 
mean 35.4 30.2 70.0 66.5 32.8 68.25 50.53 
SD 22.1 21.4 16.1 17.2 21.75 16.65 19.2 
Min. 7.0 10.0 30.0 37.0 7 30 7 
Max. 94.0 79.0 100.0 82.0 94 100 100 
Indoor Ta 
(°C) 
mean 27.2 24.4 21.6 24.1 26.87 21.80 26.08 
SD 3.4 2.9 2.4 2.4 3.46 2.50 3.80 
Min. 19.9 21.4 18.2 20.1 19.90 18.20 18.20 
Max. 39.3 33.6 29.5 27.1 39.30 29.50 39.30 
Indoor RH 
(%) 
mean 59.7 52.3 79.4 65.1 58.98 78.19 61.98 
SD 9.6 11.5 7.7 7.0 10.05 8.58 12.05 
Min. 29.0 23.0 59.0 56.2 23 56.2 23 
Max. 84.0 82.0 96.0 76.4 84 96 96 
Mean 
radiant 
temperature 
(°C) 
mean  27.7  24.0   27.2 
SD  5.3  2.4   5.2 
Min.  20.6  19.4   19.4 
Max.  39.2  26.4   39.2 
Air velocity 
(m/s) 
mean  0.3  0.3   0.3 
SD  0.2  0.5   0.3 
Min.  0.1  0.0   0.0 
Max.  1.0  1.6   1.6 
Globe 
temperature 
(°C) 
mean  26.6  23.0   26.1 
SD  4.8  3.4   4.8 
Min.  19.7  15.5   15.5 
Max.  38.5  26.1   38.5 
T.H. = Transverse finding in hot season                L.H. = Longitudinal finding in hot season 
T.C. = Transverse finding in cool season              L.C. = Longitudinal finding in cool season 
H. all = The total findings of the hot season      C. all = The total findings of the cool season 
Indoor air temperature ranged from a low of 18.2°C to a high of 29.5°C during the cool 
season. The low and high temperatures during the hot season ranged from 19.9°C to an 
outlier of 39.3°C, similar to a normal distribution. The temperature average was 26.87°C 
in the hot season and 21.8°C for the cool season, with 5K difference between seasons, 
which allows an excellent opportunity to obtain significant results in this study. 
The measurements taken in this field study provide a valuable insight into the range of 
humidities experienced in the dwellings under study. The minimum and maximum 
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measured indoor humidity in the data set ranges from 23% to 84% and 56.2% to 96%, 
for the hot season and cool season respectively. The mean RH of the whole sample of 
around 62% appears to be higher than the optimal standard of 55% followed as a rule of 
thumb by HVAC engineers for so long (see section 2.3.5). The humidity measurements 
indicate values highly at risk of very high dust mite populations which would indicate 
the probability of higher than normal concentrations of mould spores. The level of 
humidity experienced in bedrooms in the cool seasons shown in Table 5.7, precisely, is 
very concerning which indicates that some people at higher risk of health problems 
during bedtime and the level of danger depends on the humidity experienced and the 
health condition of those people. 
Regarding the mean radiant temperature (MRT) measured during the researcher’s visit 
to each home, this ranged from a low of 19.4°C to a high of 26.4°C during the cool 
season. The low and high mean radiant temperature during the hot season ranged from 
20.6°C to 39.2°C. It is noticeable that the MRT in summer are significantly higher than 
measured air temperatures, augmenting the cases for more radiant cooling. The mean of 
the MRT was around 27.2°C in the hot season, with around 3K difference between hot 
and cool seasons, which is fairly lower than the difference in the indoor temperature 
means. For the globe temperature, maxima of 38.5°C in the hot season and 26.1°C in 
the cool season were recorded. The mean globe temperatures were 26.6°C and 23°C for 
the warm and cool seasons respectively. 
Table 5.7 Mean, standard deviation, minimum and maximum of the indoor air temperature and 
indoor humidity distributed by living room and bedrooms in the hot and cool seasons, measured 
among dwellings in the longitudinal survey. 
  Hot season Cool season 
  Living rooms Bedrooms All Living rooms Bedrooms All 
Ta 
Mean 27.74 26.05 26.87 21.96 21.57 21.8 
SD 3.34 3.38 3.46 2.59 2.37 2.5 
Min. 20.2 19.9 19.9 18.6 18.2 18.2 
Max. 39.3 35.2 39.3 29.5 25.4 29.5 
RH 
Mean 58.24 59.68 58.98 76.39 80.87 78.19 
SD 9.48 10.53 10.05 8.53 8.04 8.58 
Min. 33 23 23 56.2 58.6 56.2 
Max. 82 84 84 94 96 96 
The average air velocity (m/s) measured in the dwellings during the researcher visits 
was alike in both cool and hot seasons, at 0.3 m/s. The maximum measured air velocities 
were 1.6 m/s and 1 m/s during the cool season and hot season respectively. It is 
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noticeable that the air speed is higher in the cool season, as it influenced by the outdoor 
air movement, due to the opening of windows, whereas the AC controls the movement 
of air in the rooms in summer, so it might be beneficial to stimulate the air movement 
this season by the use of ceiling fans. 
5.3.1.3 Distribution of individual parameters 
Clothing value, as expressed in physical data, has a significant effect on thermal 
comfort. It differs from one individual to another. Table 5.8 and Table 5.9 present the 
summary of clothing information and metabolic rates found during the two experimental 
studies.  
The mean clothing value of the occupants of Dammam homes was 0.43 clo. Not 
surprisingly, the amount of the average value of clothing had been increased in the cool 
season by 7%. Differences between local clothing in summer and winter are an 
important point, especially in adaptation behaviour. In the cool season, the maximum 
clothing value was 1.2 clo: being in a high level of clothing insulation it is bearable to 
look more elegant. For example, the usual male clothing wear is a coloured wool 
THOUB and SHOMAGH that has a 0.7 clo value or for women DARRA’AH is the 
usual dress (see section 2.3.7), which has 0.9 clo value. In the hot season, however, the 
average of clothing insulation for all groups was 0.42 clo, with the range of a minimum 
of 0.05 clo and maximum of 0.97 clo.  
Table 5.8 Mean and standard deviation of clothing rate distributed by the occupied rooms 
during the hot and cool seasons, estimated among the longitudinal survey respondents. 
clo. Hot season Cool season 
Living rooms Bedrooms All Living rooms Bedrooms All 
Mean 0.48 0.36 0.42 0.53 0.43 0.49 
SD 0.24 0.22 0.24 0.30 0.23 0.28 
Min. 0.12 0.05 0.05 0.12 0.12 0.12 
Max. 0.97 0.9 0.97 1.2 0.95 1.2 
Table 5.9 Mean and standard deviation of metabolic rate distributed by the occupied rooms 
during the hot and cool seasons, estimated among the longitudinal survey respondents. 
met. Hot season Cool season 
Living rooms Bedrooms All Living rooms Bedrooms All 
Mean 0.81 0.53 0.67 0.31 0.29 0.30 
SD 0.92 0.83 0.89 0.54 0.46 0.51 
Min. 0 0 0 0 0 0 
Max. 1.2 1.2 1.2 1 0 1 
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As shown in Table 5.9, the metabolic rate varied among all groups, with a relatively 
high standard deviation. It seems the environmental conditions have a slight influence 
on the activities. The data shows that people in the cool season are less active than in 
the hot season. The mean metabolic rate for all males and females in all seasons was 
less than 1 met which means that people usually do passive work in their homes. 
Surprisingly, it shows also that females are slightly less active in homes than males, 
which might be related to the fact that they stay at homes more than males. 
5.3.1.4 Distribution of sensation responses and preference choices 
The distribution of sensation responses for both seasons is shown in Table 5.10, Table 
5.11, and Figure 5.1. The boxplots and dot plots in Figure 5.2 and Figure 5.3 shows the 
ASHRAE seven-point thermal sensation scale for both seasons with a statistical 
summary of the indoor air temperatures associated with those ASHRAE responses on 
the right hand. The first and significant point is that just over 70% of subject responses 
during both seasons in indoor conditions indicated one of the three central categories, 
which is in the comfortable zone in Bedford’s scale terms, slightly cool, neutral and 
slightly warm. Around 36% of Dammam householders reported being in a neutral 
condition during the cool season, while just 29% of subjects reported feeling neutral in 
the hot season. The mean sensation vote in the cool seasons is quite similar to the hot 
season. The mean sensation responses on the ASHRAE scale were (neutral) 0.02 and 
0.15 in the hot and cool season respectively. One reason may be that the difference 
between the average indoor air temperature in both seasons is around 5K. Another 
reason may due to the different expectations of the experienced indoor temperature in 
the respective seasons which leads to fairly similar responses to the ASHRAE scale.  
Table 5.10 Mean and standard deviation of ASHRAE sensation responses in both seasons and 
both transverse and longitudinal survey 
ASHRAE Hot season Cool season 
Living room Bedroom All Living room Bedroom All 
Mean 0.28 -0.23 0.02 0.17 0.13 0.15 
SD 1.35 1.40 1.40 1.19 1.32 1.24 
Min. -3.00 -3.00 -3.00 -2.00 -2.00 -2.00 
Max. 3.00 3.00 3.00 2.00 3.00 3.00 
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Table 5.11 Distribution of ASHRAE thermal sensation responses in both seasons and both 
transverse and longitudinal survey 
ASHRAE sensation scale Hot season Cool season 
N % N % 
Hot (+3) 13 2.50% 3 3% 
Warm (+2) 82 15.74% 12 12% 
Slightly warm (+1) 85 16.31% 19 20% 
Neutral (0) 149 28.60% 35 36% 
Slightly cool (-1) 132 25.34% 19 20% 
Cool (-2) 40 7.68% 9 9% 
Cold (-3) 20 3.84% 0 0% 
Responses to the preferences scale, as shown in Table 5.12 and Table 5.13, were 38.7% 
preferring “no change”, 55.4% voting for cooler and only 5.9% voting for warmer, 
during the hot season. In the cool season, however, the preference scale responses were 
47.2% preferring “no change”, 17.5% preferring to be cooler and 35% voting for 
warmer. From both field studies, there were 49.5% preferring “no change” while 49.5% 
preferred cooler and 10.5% preferred to be warmer. Furthermore, no one in the hot 
season responded preferring much warmer and only one single response to be much 
cooler was recorded in the cool season.  
Around 70% of subject responses were within the central three categories on the 
ASHRAE scale. The range of indoor air temperatures recorded during the two 
experiments was 18.2°C to an outlier of 39.3°C; there were very slight responses on 
either extreme sides in reported sensation choices. 
 
Figure 5.1 Histogram of the sensation responses distribution in both seasons 
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Table 5.12 Distribution of preference choices in both seasons and in all homes and both type of 
survey. 
Preferences scale Hot season Cool season All 
N % N % N % 
Much cooler (-2) 135 25.71% 1 1.03% 136 21.86% 
A bit cooler (-1) 156 29.71% 16 16.49% 172 27.65% 
No change (0) 203 38.67% 46 47.42% 249 40.03% 
A bit warmer (+1) 31 5.90% 23 23.71% 54 8.68% 
Much warmer (+2) 0 0.00% 11 11.34% 11 1.77% 
 
Table 5.13 Mean and standard deviation of preference choices in all seasons and both type of 
survey. 
Preference 
Hot season Cool season All 
Living 
room Bedroom All 
Living 
room Bedroom All 
Living 
room Bedroom All 
Mean -0.90 -0.61 -0.75 0.22 0.36 0.28 -0.69 -0.49 -0.59 
SD 0.92 0.87 0.91 0.88 0.96 0.91 1.01 0.94 0.98 
Min. -2.00 -2.00 -2.00 -1.00 -2.00 -2.00 -2.00 -2.00 -2.00 
Max. 1.00 1.00 1.00 2.00 2.00 2.00 2.00 2.00 2.00 
 
 
 
 
 
Figure 5.2: Boxplots and dot plots of the summer ASHRAE thermal sensation (ASHRAE 
seven-point scale), and on the right hand scale, a statistical summary of the indoor air 
temperatures associated with those ASHRAE responses (°C) in the longitudinal survey. 
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Figure 5.3: Boxplots and dot plots of the winter ASHRAE thermal sensation (ASHRAE seven-
point scale), and on the right hand scale a statistical summary of the indoor air temperatures 
associated with those ASHRAE responses (°C) in the longitudinal survey. 
From Figure 5.2 and Figure 5.3 we can see the distribution of the total responses of 
occupants of the nineteen homes during both seasons, where the largest group of the 
occupants described themselves as being thermally neutral. It can be seen that, of the 
total longitudinal valid responses, 134 of the occupant’s responses described themselves 
as being thermally neutral during the hot season, and 30 in the cool season. In summer, 
79 of the occupant’s responses were slightly warm whereas 116 were slightly cool. 
Interestingly, 92 of the reported responses, or close to 20% of the dataset, were feeling 
warm or hot, and half of these votes were while experiencing a temperature equal to or 
above 30°C.  
5.3.1.5 Distribution of humidity perception responses 
Reported responses to the perception of humidity paint a complex picture. There is no 
actual reported sensitivity to humidity as such, as there is with temperature. It is the 
impact of humidity that the respondent may have perceived, i.e. the presence of sweat 
and the slightly increased sense of warmth in the heat. In attempting to understand the 
occupants' perceptions of humidity in their surroundings, called in this study “humidity 
perception”, it was felt to be important to explore how sensitive the occupants are in 
their perception of individual objective parameters, or how they felt them. 
The distribution of sensation votes for both seasons is shown in Table 5.14 and 
Table 5.15. The first and significant point is that 62% of subject responses during both 
seasons in indoor conditions indicated that it was “not humid” and only around 29% of 
subjects indicated that it was “a bit humid”. The mean sensation humidity choice in the 
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cool season is quite similar to the hot season, even though the range of experienced RH 
in both seasons is not the same. 
Table 5.14 Distribution of humidity perception responses in both seasons and in all homes 
Humidity perception scale Hot season Cool season All N % N % N % 
Not humid (1) 289 51.5% 56 10% 345 61.5% 
A bit humid (2) 140 25% 24 4.3% 164 29.2% 
Humid (3) 28 5% 7 1.2% 35 6.2% 
Very humid (4) 15 2.7% 2 0.4% 17 3% 
Table 5.15 Mean and standard deviation of humidity perceptions responses in both seasons 
Humidity per. 
Hot season Cool season All 
Living 
room Bedroom All 
Living 
room Bedroom All 
Living 
room Bedroom All 
Mean 1.57 1.45 1.51 1.44 1.59 1.49 1.55 1.47 1.51 
SD 0.81 0.68 0.75 0.66 0.86 0.74 0.78 0.71 0.75 
Min. 1 1 1 1 1 1 1 1 1 
Max. 4 4 4 4 4 4 4 4 4 
 Relationship between mean of variables 
Figure 5.4 and Figure 5.5 show the scatter diagrams of air temperatures with mean 
sensation responses and preference choices in all response groups during both seasons. 
There is a high and positive relationship between air temperature and thermal sensation 
responses, the higher the temperatures the warmer the sensation. Such a relationship 
also exists between air temperatures and preference choices, but is negative. 
 
Figure 5.4 Relation between air temperature and mean ASHRAE sensation, binned by air 
temperature responses in both seasons and all groups 
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Figure 5.5 Relation between air temperature and mean preference choices in both seasons and 
all groups 
 Standard deviation 
The standard deviation of different environmental data allows comparison of their 
impact with respect to locations and variability and enables the following conclusion to 
be drawn: 
1. Air temperatures in the hot season have a greater variability than the air 
temperature in the cool season. However, the sensation responses of subjects in 
the hot season are higher than in the cool season showing that people are more 
sensitive to experienced air temperatures in the hot season.  
2. Variability of relative humidity in the hot season was greater than in the cool 
season. The humidity perception in living rooms was higher than in bedrooms, in 
the hot season, and vice-versa in the cool season, showing that people’s sensitivity 
to humidity was greater in bedrooms in the cool season and living rooms in the 
cool season. 
3. The standard deviation reflects a reasonable equality between respondents, with a 
standard deviation of sensation responses of 1.4 and 1.2 for the hot and cool 
seasons respectively.  
4. Standard deviations of clothing values in both seasons were great, showing that 
people were using different clothing assemblages according to the locations and 
needs, which indicates the presence of adaptation to either environmental 
conditions or cultural requirements. 
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5. Standard deviation of the metabolic rate of 0.9 and 0.5 for the hot season and cool 
season respectively, shows that people are less active in the cool season which 
might be related to the low temperature experienced. 
 Correlation coefficient 
The correlation coefficient is a statistical method used to investigate the relationship 
between two variables. A correlation coefficient of (+1) or (-1) implies that all the points 
fall on a straight line; when it is equal to zero (0) they are scattered and give no evidence 
of a linear relationship. Any other value between (-1) and (+1) suggests the degree to 
which the points tend to be linearly related. The square of the correlation coefficient 
gives a measure of the proportion of the variation of the value of the variable which can 
be explained by the variation of the other value. It is noticeable that the correlation 
coefficients in the present study signify a statistically significant level < 0.01, 0.05 and 
0.001. 
5.3.4.1 Correlation between the environmental variables  
The correlations of the environmental variables (outdoor air temperatures, outdoor 
relative humidity, indoor air temperature and indoor relative humidity) were relatively 
high during the hot season but there was a very low correlation in the cool season. This 
is reasonable because of the relatively highly range of humidity, with a warm range of 
air temperature (between 19.9°C – 39.3°C) during the hot season as well as in the cool 
season the effect of outdoor condition is fairly high and all points fall in a straight line. 
However, it shows a high correlation between the indoor air temperature and indoor 
relative humidity in all seasons. The potential of the inside wall thermal insulation as 
well as activities inside the house, such as cooking and having a shower, do not appear 
to have an effect on these correlations.  
 
Table 5.16: Correlation coefficients between environmental variables, measured within the 
longitudinal survey 
 Hot season Cool season All 
Ta outdoor: Ta indoor 0.442 0.069 -0.056 
P= 0.000 0.502 0.671 
Ta outdoor: RH indoor -0.503 -0.134 -0.435 
P= 0.000 0.189 0.000 
RH outdoor: Ta indoor -0.237 -0.084 0.221 
P= 0.000 0.416 0.087 
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RH outdoor: RH indoor 0.350 -0.05 0.345 
P= 0.000 0.628 0.006 
Ta indoor: RH indoor -0.307 -0.418 0.24 
P= 0.000 0.000 0.063 
Table 5.17 Correlation coefficients between environmental variables, in the sixty-one transverse 
data collected 
 Hot season Cool season All 
Ta outdoor: RH outdoor -0.792 -0.823 -0.749 
P= 0.000 0.012 0.000 
Ta outdoor: Ta indoor -0.201 -0.348 -0.056 
P= 0.149 0.398 0.671 
Ta outdoor: RH indoor -0.280 0.012 -0.435 
P= 0.042 0.977 0.000 
Ta outdoor: Tg indoor 0.056 -0.275 0.243 
P= 0.692 0.509 0.059 
Ta outdoor: MRT indoor 0.093 -0.355 0.248 
P= 0.506 0.388 0.054 
Ta outdoor: V indoor -0.191 0.026 -0.028 
P= 0.171 0.950 0.830 
RH outdoor: Ta indoor 0.289 0.172 0.221 
P= 0.036 0.685 0.087 
RH outdoor: RH indoor 0.204 0.090 0.345 
P= 0.143 0.831 0.006 
RH outdoor: Tg indoor 0.160 0.267 0.009 
P= 0.253 0.523 0.944 
RH outdoor: MRT indoor 0.102 0.435 -0.026 
P= 0.465 0.281 0.841 
RH outdoor: V indoor -0.117 0.005 -0.086 
P= 0.404 0.990 0.508 
Ta indoor: RH indoor 0.302 -0.172 0.240 
P= 0.028 0.684 0.063 
Ta indoor: Tg indoor 0.692 0.704 0.678 
P= 0.000 0.051 0.000 
Ta indoor: MRT indoor 0.715 0.525 0.689 
P= 0.000 0.182 0.000 
Ta indoor: V indoor 0.068 -0.655 -0.072 
P= 0.631 0.078 0.580 
RH indoor: Tg indoor 0.157 0.431 0.061 
P= 0.262 0.286 0.640 
RH indoor: MRT indoor 0.139 0.635 0.052 
P= 0.321 0.091 0.690 
RH indoor: V indoor -0.078 -0.397 -0.117 
P= 0.579 0.330 0.370 
Tg indoor: MRT indoor 0.971 0.939 0.968 
P= 0.000 0.001 0.000 
Tg indoor: V indoor -0.028 -0.846 -0.147 
P= 0.843 0.008 0.259 
MRT indoor: V indoor 0.083 -0.782 -0.013 
P= 0.554 0.022 0.920 
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5.3.4.2 Correlation between, sensation responses, preferences, humidity 
perception and other variables 
The correlation coefficients of the thermal sensation responses with the preference 
choices and environmental data are presented in Table 5.18. 
The correlation between sensation and preference is relatively high, as expected. The 
sensation responses also are well correlated with air temperature during the hot season, 
while there is very low correlation during the cool season, which might be related to the 
role of outdoor condition. Furthermore, it seems that the correlation of preference with 
air temperature is high, similarly to the sensation responses.  
Regarding humidity perception, shown in Table 5.19, a relatively high correlation 
between humidity perception and indoor temperature and thermal sensation instead of 
the relation to the RH is demonstrated. It seems that the concept of humidity perception 
is misunderstood by respondents.  
Table 5.18 Correlation coefficient of the ASHRAE sensation responses, preference choices and 
environmental variables, measured within the longitudinal survey 
 Hot season Cool season All 
Sensation: Preference -0.505 -0.418 -0.441 
P= 0.000 0.000 0.000 
Sensation: Ta indoor 0.534 0.158 0.414 
P= 0.000 0.061 0.000 
Sensation: RH indoor 0.061 -0.242 0.041 
P= 0.081 0.008 0.155 
Preference: Ta indoor -0.394 -0.244 -0.488 
P= 0.000 0.008 0.000 
Preference: RH indoor -0.028 0.115 0.215 
P= 0.262 0.131 0.000 
Table 5.19 Correlation coefficient of the humidity perception choices, environmental variables 
and sensation responses, measured within the longitudinal survey. 
 Hot season Cool season All 
H perception: RH indoor 0.342 0.104 0.308 
P= 0.000 0.166 0.000 
H perception: Ta indoor 0.220 -0.403 0.129 
P= 0.000 0.000 0.001 
H perception: Sensation 0.204 0.290 0.165 
P= 0.000 0.003 0.000 
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The main conclusions drawn from this section are as follows: 
1. The correlation between sensation responses and preference choices was 
relatively high. 
2. The sensation responses had a good and highly significant correlation with air 
temperature; the preference choices also had a good and negative correlation with 
air temperature. 
3. Humidity perception, surprisingly, is more correlated with indoor air temperature 
and thermal sensation, instead of relative humidity, as people may have 
misinterpreted the humidity feeling as a sensation of high temperature. Another 
reason might be related to the small amount of air movement with high RH 
associated with moderate temperature, reported as uncomfortable as stated by 
Victor Olgyay (1963). 
 Regression analysis 
One recognised method to predict the subjective comfort which results from a given 
temperature or combination of environmental variables is regression analysis (Nicol et 
al., 2012). Giving the internal temperature and the subject thermal vote, the simple linear 
regression is formulated by the simple equation: 𝒀 = 𝒂𝑿 + 𝒃                    (5.1) 
where (in a thermal comfort study): 
§ Y = the thermal response 
§ X = the air temperature 
§ a = the slope 
§ b = the regression constant 
For most purposes the neutral line (0) crosses the prediction line: a line is projected 
down to the temperature at which the line cuts the temperature axis.  
Table 5.20 Data from simple linear regression for both seasons 
 n Slope Intercept R2 Tn Equation 
Hot season 525 0.22 -5.779 0.285 26.7 = 0.22 Ta - 5.779 
Cool season 97 0.08 -1.55 0.025 19.9 = 0.08 Ta - 1.55 
All 622 0.15 -3.865 0.171 25.8 = 0.15 Ta - 3.865 
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A simple linear regression was performed on the reported ASHRAE scale responses 
versus air temperature responses to determine the strength of the relationship between 
them. Table 5.20 shows the comfort equations in two seasons. The slope of sensation 
lies around 0.15°C in all seasons (between 0.08°C and 0.22°C in Dammam homes 
during hot and cool seasons respectively). These slopes are less steep than the most 
common regression slopes of 0.25°C in a field survey in Pakistan, reported by Nicol 
(1993), as well as those of 0.22°C in the world- wide field studies reviewed by 
Humphreys (1976). 
According to Humphreys (1976) the lower values of the slope suggest the occurrence 
of adaptation of respondents to their thermal environments. The neutral temperature 
during the hot season was 26.7 °C and during the cool season was 19.9°C. The scatter 
diagrams and the regression lines of the thermal sensation of all subjects during both 
seasons are presented in Figure 5.6. A high correlation coefficient between air 
temperature and sensation responses indicates a well-fitting regression line between 
them. 
As with previous calculations of neutral temperature in this thesis, a simple linear 
regression analysis is used with two important points: thermal sensation responses as 
the dependent variable and air temperature as independent variable. Figure 5.6 show the 
scatter diagram of sensation responses and air temperature. 
    
Figure 5.6 Left: a scatter diagram of sensation responses from the longitudinal survey with air 
temperature in the hot season; right: in the cool season. 
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 Acceptable conditions 
As an accepted method for predicting boundaries of comfort conditions and according 
to ISO 7730 (2008), the range of PMV (predicted mean responses) between (-1 to +1) 
(of sensation responses on ASHRAE seven-point scale) would result in 75% of subjects 
feeling satisfaction with their thermal environment. For satisfaction of 90% of subjects, 
the range of PMV would be between (-0.5 to +0.5). In line with this accepted method 
and shown in Figure 5.7 and Figure 5.8, the neutral temperature and boundaries of 
acceptable conditions in both seasons are presented in Table 5.21. 
Table 5.21 Neutral temperature and comfort zone during both seasons 
 Tn R2 Acceptable condition (75%) Acceptable condition (90%) 
Hot season 26.7 °C 0.285 22.7 - 29.7 °C 24.6 - 28.8 °C 
Cool season 19.9 °C 0.025 15.9 - 23.9 °C 18.3 - 21.5 °C 
Table 5.22 Distribution of the ASHRAE sensation scale associated with al measurements of 
indoor temperatures from both surveys. 
ASHRAE scale N Mean Ta Minimum Ta Maximum Ta % 
H
ot
 se
as
on
 
Hot (+3) 13 32.29 25.8 34.9 2.50% 
Warm (+2) 82 30.41 21.9 35.2 15.60% 
Slightly warm (+1) 86 27.47 20.4 39.3 16.40% 
Neutral ( 0 ) 149 26.14 20.4 32.9 28.40% 
Slightly cool (-1) 132 25.75 19.9 32.7 25.10% 
Cool (-2) 41 24.3 20.9 30.4 7.80% 
Cold (-3) 22 24.58 20.7 30.5 4.20% 
C
oo
l s
ea
so
n 
Hot (+3) 3 19.6 19.1 20 3.10% 
Warm (+2) 12 22.77 20.4 26.9 12.40% 
Slightly warm (+1) 19 22.2 18.8 29.5 19.60% 
Neutral ( 0 ) 35 22 18.6 26.7 36.10% 
Slightly cool (-1) 19 21.63 18.5 25.4 19.60% 
Cool (-2) 9 19.99 18.2 23.7 9.30% 
Cold (-3) 0 - - - 0% 
A
ll 
Hot (+3) 16 29.91 19.1 34.9 2.60% 
Warm (+2) 94 29.44 20.4 35.2 15.10% 
Slightly warm (+1) 105 26.52 18.8 39.3 16.90% 
Neutral ( 0 ) 184 25.35 18.6 32.9 29.60% 
Slightly cool (-1) 151 25.23 18.5 32.7 24.30% 
Cool (-2) 50 23.52 18.2 30.4 8.00% 
Cold (-3) 22 24.58 20.7 30.5 3.50% 
Table 5.22 shows that from both seasons,  29.6% of subjects were in a neutral condition 
(sensation response = 0) in the air temperature range between 18.6°C – 32.9°C. 
However, around 70% of subjects were in comfortable conditions (-1 to +1) during the 
hot season in the range of 20°C and 39.3°C. Around 70% of subjects were also in a 
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comfortable condition experiencing temperatures in the range of 18.5°C to 29.5°C 
during the cool season. These results show that the proportion of subjects feeling 
comfortable within the response range of (-1 to +1) are higher than those predicted by 
the PMV model. However, 182 of the total responses, reported being warm or hot, or 
cool or cold, (responses of +3, +2, -2 or -3) at the time they recorded their comfort choice 
and around 60.4% of the 182 responses were on the warm or hot side when the mean 
temperature was more than 29°C. 
Outdoor temperature Indoor temperature Acceptable condition Neutral condition 
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 35   
  29.7  
26   26.7 
  22.7  
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Figure 5.7 Comparison between outdoor, indoor and acceptable conditions in Dammam homes 
during the hot season 
As shown previously in Table 5.6, the mean internal air temperature is between 21.8°C 
during the hot season and 26.87°C in the cool season, which is obviously due to the 
large daytime range and the outdoor temperatures that play a part in the indoor 
conditions. Figure 5.7 shows that, in the hot season, the maximum indoor temperatures, 
which often occurred at noon time, were well below maximum outdoor temperatures, 
due to the cooling strategies. However, it is also 9K higher than the minimum outdoor 
temperature which is close to the neutral temperature, due to the fact of poorly designed 
and performed homes in several cases. 
Outdoor temperature Indoor temperature Acceptable condition Neutral condition 
 29   
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 18   
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Figure 5.8 Comparison between outdoor, indoor and acceptable conditions in Dammam homes 
during the cool season 
However, during the cool season, shown in Figure 5.8, the maximum indoor 
temperatures are higher than the maximum outdoor temperatures, and looking at the 
energy consumption chart ( Figure 5.14), this shows very normal use of energy, which 
means that buildings are storing heat inside and people need to ventilate their dwellings. 
Consequently, people never choose “cold” on the ASHRAE sensation scale, as the 
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acceptable and neutral conditions were well below the experienced indoor temperature. 
 Occupants’ behaviour 
To explore the occupants’ behaviours, the questionnaire used in the study investigated 
the respondents’ behaviours through the (ComfApp) thermal comfort survey. On 
average, the users stayed indoors at home for around twelve hours per day, with women 
spending, on average, four hours more there. When asked about their electricity bills, 
more than the half (57.6%) of the participants replied that during summertime they often 
had high bills that ranged between 500 SAR (£90) to over 1100 SAR (£200) per month. 
Despite the fact that the cost of a kWh of electricity delivered to the householder ranged 
from only 0.5 SAR (1p) for the lower energy consumers to 1.6 SAR (29p) for the highest 
energy consumers, around 62% reported that they considered their electricity bill was 
overpriced and inflated in summer and very low-priced in winter. 
Table 5.23 shows the variation of all measured thermal sensations of the occupants, 
which have a neutral point of 0.1 during the summer. Interestingly, only 20% of the 
summer responses indicated that the respondents were feeling warm or hot and half of 
these responses were experiencing a temperature equal or above 30°C. Furthermore, 
around 20% of the latter responses preferred no change on the thermal preferences scale. 
The standard deviations of the thermal sensation in Table 5.23 provide further insights 
into how the perceptions of conditions in different homes vary, clearly influenced by 
the prevailing indoor temperatures. Moreover, looking to the means of the ASHRAE 
scale of 0.1 and 0.15 of summer and winter respectively, it is evident that people feel 
warm in both seasons and prefer to be cooler in summer and warmer in winter, which is 
perhaps related to their choice of adaptation. 
During the longitudinal survey, in both seasons occupants were asked to indicate what 
environmental controls were activated during the survey voting period. The adaptations 
noted among the controls included the use of AC, fans, windows and doors and the 
heating method. Table 5.23 lists the mean and standard deviation of the control of AC 
and fans, as well as the opening of windows and doors, between the survey responses 
for all the dwellings in the hot season. Surprisingly, only 17% of the total observations 
recorded occupants closing the AC system off at some point during the day of the 
responses in the hot season. This indicates that the decision to shut down the AC system 
was seldom made, and in some homes, it was never turned off. However, during the 
informal interview and when asking people about it they said that the main reasons for 
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shutting the AC system were that the AC was not blowing cool enough cooling air, due 
to an over-long operation period, or because some occupants desired to be in the warmer 
conditions that resulted. However, the length of operation of the mechanical systems of 
homes in the region may reflect the low price of electricity in Saudi Arabia at that time. 
As domestic prices rise it will be interesting to see if the operation period of the 
mechanical systems is shortened to save money. The use of fans, moreover, was limited 
to seven dwellings only, and the mean value of operating the fan in those dwellings 
varied from 0.03 to 0.50. In those dwellings, people were found to prefer to have some 
local air movement: one occupant reportedly preferred the cooling sensations resulting 
from the use of fans over those provided by activating the AC. 
Table 5.23 The mean and standard deviation of all measured indoor air temperatures (Ta °C), the 
ASHRAE thermal sensation scale, and the preference scale, together with the proportion of 
activation of AC, fans, and opening of windows and doors in all the seventeen Dammam 
dwellings during the hot season (N: sample size; SD: standard deviation) 
Dwelling # Ta ASHRAE Preference  AC Fan Window Door 
 N Mean SD Mean SD Mean SD  Mean SD Mean SD Mean SD Mean SD 
1 34 25.8 2.7 -1.1 1.5 -0.5 0.8  0.88 0.33 0 0 0 0 0.26 0.45 
2 32 27.3 2.8 -0.9 0.7 -1.3 0.9  0.91 0.30 0.03 0.18 0.03 0.18 0.53 0.51 
3 21 26.8 1.8 -0.5 0.7 -1.3 0.9  1 0 0 0 0 0 0.10 0.30 
4 28 28.8 2.1 0.4 1.3 -0.9 1.0  0.64 0.49 0 0 0 0 0.61 0.50 
5 39 27.5 1.9 -0.1 0.9 -0.6 0.7  0.72 0.46 0 0 0 0 0.28 0.46 
6 18 30.4 3.3 1.4 1 -0.6 0.6  0.50 0.51 0.50 0.51 0.11 0.32 0.39 0.50 
7 36 24.1 1 -0.3 1.1 -0.4 0.6  0.89 0.32 0.06 0.23 0 0 0.28 0.45 
8 25 26.8 3.3 0.4 1.2 -0.8 0.8  0.96 0.20 0.04 0.20 0 0 0.16 0.37 
9 23 22.5 1.7 -0.6 1 -0.1 0.9  0.96 0.21 0 0 0 0 0.17 0.39 
10 18 26.7 4.4 0.5 1 -0.6 0.5  1 0 0 0 0 0 0.33 0.49 
11 17 28.6 2.9 0.4 1.2 -0.8 1.0  0.94 0.24 0.35 0.49 0 0 0.35 0.49 
12 35 23.2 1.9 0.4 1.2 -0.7 1.0  0.86 0.36 0.03 0.17 0 0 0.49 0.51 
13 26 28.6 2.8 -0.2 1.5 -0.7 0.8  0.77 0.43 0.23 0.43 0 0 0.62 0.50 
14 27 28.2 2.3 0 1.1 -0.3 0.9  0.56 0.51 0 0 0 0 0.85 0.36 
15 50 31.6 2.1 1.8 0.9 -1.8 0.6  0.92 0.27 0 0 0.04 0.20 0.58 0.50 
16 22 27.7 2.7 -0.4 1.1 -1.0 1.0  0.91 0.29 0 0 0 0 0.14 0.35 
17 21 27.7 2.2 -0.6 1.8 -0.2 1.0  0.76 0.44 0 0 0 0 0.52 0.51 
Total 472 27.2 3.4 0.1 1.4 -0.8 0.9  0.83 0.37 0.06 0.23 0.01 0.10 0.41 0.49 
Although all of the surveyed dwellings have operable windows, almost a nil proportion 
(1%) of occupants operated the windows during the day, and those were found in only 
three of the dwellings. In the other dwellings, windows were fully closed during the heat 
of the summer but opened at cooler times of the year (Table 5.24). However, 
interestingly, the doors which opened into uncooled indoor or semi-outdoor areas were 
often constantly in operation, (10% - 85% of the time) in all dwellings, with a mean 
value of 0.41. The decision to open internal doors to stimulate air movement around the 
house instead of windows to the outside was perhaps due to the preconception of the 
adversity of the outdoor conditions (i.e. high humidity, temperatures and dust storms) 
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making the opening of internal doors always a more effective choice. 
Table 5.24 lists the mean and standard deviation of the control of heating and fans as 
well as the opening of windows and doors between the survey responses for all the 
dwellings in the cool season. 42% of the total observations recorded occupants were 
using some type of heating method at some point during the day of the survey. The 
heating method used in homes was basically a portable source of heating, either an 
above ground fireplace with coal\firewood as the traditional type of heating, movable 
oil heaters or electric fan heaters. The majority of those who used the heating in their 
homes, around 51%, used electric fan heaters and around 38% and 11% used moveable 
oil heaters and an above ground fireplace, respectively. The main reasons for using 
heating were that the indoor temperature was fairly cold due to the opening of windows 
or doors in those dwellings. The use of fans, however, was absent in the cool season, 
which might be related to enough cooling coming from the openings. The operation of 
windows showed a significant increment compared to the hot season, with 15% of 
occupants operating the windows during the day or night time. In some dwellings, 
however, windows were fully closed and occupants preferred the opening of doors, with 
a mean value of 0.12. The decision to open internal doors to stimulate air movement 
around the house instead of windows to the outside was perhaps due to the fact that 
these people were used to opening the doors instead of windows in the hot season. 
Moreover, in two cases people neither open windows/doors nor operate fans/heating 
which could be related to the fact the occupants are feeling comfortable in that particular 
time and no need for adaptations. 
Table 5.24: The mean and standard deviation of all measured indoor air temperatures (Ta °C), 
the ASHRAE thermal sensation scale, and the preference scale, together with the proportion of 
activation of the heating and fans, and opening of window and doors in all the seven Dammam 
dwellings during the cool season (N: sample size; SD: standard deviation) 
Dwelling # Ta ASHRAE Preference  Heating Fan Window Door 
 N Mean SD Mean SD Mean SD  Mean SD Mean SD Mean SD Mean SD 
1 14 20.56 2.65 -0.36 0.84 0.57 0.94  1 0 0 0 0 0 0 0 
3 11 22.35 0.98 0.82 0.75 -0.36 0.67  0 0 0 0 0 0 0 0 
4 10 20.43 0.72 0.60 1.35 0 1.05  0.8 0.42 0 0 0.2 0.42 0 0 
5 9 19.96 0.41 1.00 1.73 1.00 0.87  0.33 0.5 0 0 0.33 0.5 0 0 
12 13 19.52 0.82 -0.23 1.30 0.31 1.11  0 0 0 0 0.54 0.52 0.31 0.48 
18 20 24.49 1.80 0.15 1.09 0.10 0.45  0.45 0.51 0 0 0 0 0.15 0.37 
19 12 21.77 2.29 -0.50 1.31 0.75 0.87  0.25 0.45 0 0 0.08 0.29 0.33 0.49 
Total 89 21.60 2.42 0.15 1.27 0.31 0.91  0.42 0.5 0 0 0.15 0.36 0.12 0.33 
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 Thermal sensation in homes 
It is evident from Figure 5.9 that the temperature inside these Dammam homes in the 
cool season, where the outdoor temperature was under 25°C, was quite moderate, as 
well as in the adaptive range of ASHRAE standards. On the other hand, during the hot 
season the indoor temperature range was between 20°C to 35°C, which is above those 
levels even covered by the adaptive range of acceptability, showing that people are 
living in a widely varying range of indoor temperatures, and that they accommodate 
them in the ordinary course of their day-to-day lives in their homes.  
 
Figure 5.9 Scatter diagram of the ASHRAE adaptive standard of 80% and 90% acceptability 
limits of all measured physical data of the Dammam homes during both seasons, where the 
mean outdoor temperatures were below 25°C and 47°C for the cool season and the hot season 
respectively. 
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Figure 5.10 Distribution of Dammam homes according to the ASHRAE sensation responses in 
all seasons 
 
Figure 5.11 The traces of mean indoor temperature in Dammam homes during summer season 
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Figure 5.12 The traces of mean indoor temperature in Dammam homes during winter season 
In fact, studying Figure 5.10, Figure 5.11 and Figure 5.12 shows that the studied 
dwellings were irregular in terms of comparison. Experienced temperature as well as 
calculated neutral temperature for all homes, in Table 5.25, is shown to vary 
significantly between dwellings, ranging from 19°C to 35°C. It is clear that some of the 
dwellings behave differently, as shown in Figure 5.11 and Figure 5.12 which show how 
the indoor temperatures behave during a period of 24 hours. Moreover, the dwellers 
themselves are different, and the impact of the indoor environments among them varies. 
The temperature performance curve for house number fifteen, for example in 
Figure 5.11 and the occupants ASHRAE responses in Figure 5.10, shows that these 
dwellers reported their thermal sensation mostly in the hot categories of the ASHRAE 
sensation scale. Moreover, the temperature performance curve for house number one, 
for example in Figure 5.12 and the occupants ASHRAE responses in Figure 5.10, shows 
that this dwelling is the only one who has a strong association with ambient conditions 
in the cool season, and the dwellers reported their thermal sensation mostly in the 
comfort categories of the scale. These dwellings vary in terms of thermal capacity or 
cooling efficiency or perhaps it is the role of the occupants in adapting. These dwellers 
are a fairly varied group among themselves, so the reasons behind these differences that 
necessarily lead to unacceptable internal temperature, leading to thermal discomfort, are 
sought. 
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Table 5.25 The differences between neutral temperatures in all homes from the simple linear 
regression in both seasons 
Dwelling # Slope Intercept R2 Tn 
1.  0.12 -3.66 0.09 31.58 
2.  0.06 -2.15 0.03 35.83 
3.  -0.19 4.64 0.26 24.96 
4.  0.06 -1.19 0.04 19.11 
5.  -0.07 1.82 0.04 27.50 
6.  0.18 -4.10 0.37 22.43 
7.  -0.19 4.34 0.03 22.60 
8.  0.27 -6.99 0.54 25.50 
9.  0.46 -10.85 0.58 23.69 
10.  0.21 -5.02 0.70 24.35 
11.  0.26 -7.17 0.36 27.25 
12.  0.21 -4.36 0.14 20.97 
13.  0.28 -8.05 0.26 29.16 
14.  -0.05 1.43 0.12 28.00 
15.  0.32 -8.19 0.58 25.74 
16.  0.16 -4.79 0.16 30.11 
17.  0.12 -3.95 0.02 32.14 
18.  0.14 -3.19 0.05 23.42 
19.  0.02 -0.69 0.01 31.32 
All homes 0.15 -3.87 0.41 25.77 
 Electricity consumption 
Regarding the electricity bill, 44% of participants said that they had paid more than 1000 
SAR (£182) as a summer electricity bill at least once. Moreover, half of the participants 
said that, in comparison to the monthly income they earn, the electricity bill is 
expensive. Furthermore, around 61% of the respondents, claimed that the electricity 
prices are very high and overpriced. Around half of participants reported being not 
concerned about the total energy consumed in the country. Surprisingly, more than 60% 
of the total participants had no idea about how the increasing electricity consumption 
impacts as much on the environment as on the personal level, and these participants 
appeared to consider only the impact of cost increases. However, it is worth 
investigating people’s concerns after the increment of electricity prices late 2015. 
Regarding the provision of the actual electricity bills’ readings and prices, the occupants 
of all the homes cooperated in offering a copy of the electricity bill to the researcher, 
except the occupants of dwelling number nineteen. According to the utility bills received 
from these 18 dwellings, from July 2013 to June 2014, the annual energy consumption 
differs between dwellings, ranging between 14907kWh to a high energy consuming 
dwelling with 118656 kWh. Table 5.26 illustrates a comparison between all the 
individual household’s electricity bill details, revealing that the average electricity 
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consumption in this group of Dammam dwellings is up to 50142.28 kWh per annum. 
However, due to the dissimilarity of the dwellings, the accurate calculation should be 
related to the dwelling size and how much energy per square metre the dwelling is 
consuming. Therefore, the electricity consumption according to kWh/m2 per year was 
used, which indicated that the energy consumption for the eighteen Dammam dwellings 
ranged from 89.3 kWh/m2 up to 206.4 kWh/m2, with an average of 123.33 kWh/m2 per 
annum.  
Table 5.26 Summary description of the electricity bills from July 2013 to June 2014 collected 
from 18 studied dwellings 
D
w
elling# 
Mean 
monthly 
bill 
(SAR) 
Mean 
monthly 
consumption 
(kWh) 
Maximum 
bill per 
year 
(SAR) 
Maximum 
consumption 
(kWh) 
Annual 
bill 
(SAR) 
Annual 
consumption 
(kWh) 
Annual 
consumption 
(kWh/m2) 
1 81 1267 134 2071 970 15207 95.04 
2 222 2832 618 6927 2667 33988 97.11 
3 434 4695 1007 9508 5204 56339 125.20 
4 374 4190 986 9440 4494 50280 111.73 
5 1202 8613 5469 30640 14426 103360 108.80 
6 506 5207 1131 10160 6075 62480 89.26 
7 629 5933 2532 19584 7547 71194 118.66 
8 152 2487 304 4539 1829 29847 165.82 
9 110 1590 204 2528 1319 19079 90.85 
10 81 1353 182 3019 974 16230 101.44 
11 1048 9888 2532 19584 12578 118656 148.32 
12 102 1242 226 2460 1225 14907 106.48 
13 617 6019 1543 11975 7407 72233 206.38 
14 190 2622 463 5781 2275 31462 125.85 
15 698 6387 1725 12480 8374 76640 201.68 
16 167 2516 386 5588 2005 30197 104.13 
17 312 3795 673 7024 3749 45535 101.19 
18 396 4577 1145 12395 4754 54927 122.06 
Total 407 4179 - - 4882 50142.28 123.33 
 Figure 5.13 illustrates the average annual energy consumption by kWh/m2 and the 
operational cost of each square meter, along with the estimated operational cost of each 
home at the present rates. The operational cost of the studied homes is meant to represent 
the cost of obtaining the thermal comfort level, which includes only the cost of 
electricity bills, in that approximately 70% (MOWE, 2012) of the electricity is 
consumed by the cooling system, and the cost of the AC system maintenance per annum 
in each home. In this study, the mean annual consumption of all dwellings of 123.33 
kWh/m2 with an about 5 kWh/m2 as a regular consumption every month, indicates that 
the cooling demand is approximately 50% of the total energy consumption. As the cost 
of operating the cooling system depends on the number of cooled rooms in the individual 
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Normal energy consumption 
Cooling demand Cooling demand 
Cool season Warm season Hot and warm season 
home as well as the efficiency of the cooling system, the price of the annual electricity 
bill ranged between 970 SAR (£177) and 14,425 SAR (£2,622) and adding the cost of 
the maintenance without the cost of the failure of parts, the operational cost ranges 
between 2,574 SAR (£468) to 19,825 SAR (£3,604). However, with the new electricity 
prices that will possibly affect around half of the studied dwellings, precisely almost all 
low performance dwellings, the annual operational cost could reach around 28,500 SAR 
(£5,180), without the cost of the failure of the system’s parts.  
 
Figure 5.13 The annual electricity consumption of each of eighteen dwellings, per square metre, 
alongside its operational cost and the estimation of cost since late 2015 in Saudi Riyals 
(1SAR=£0.18), redistributing the homes’ sequence in ascending order by kWh/m2. 
  
Figure 5.14 The electricity consumption in kWh/m2 per month for the eighteen studied 
Dammam dwellings, with the mean monthly kWh/m2 from July 2013 till May 2014 
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It can be seen also in Figure 5.13 that some dwellings, for example thirteen and fifteen, 
have reached a very high total energy consumption and relatively high operational cost 
among the homes in this study. Therefore, a further analysis looking into individual 
homes’ design characteristics and the occupants’ thermal comfort and behaviours is 
sought. The electricity bills showed a type of consistent energy consumption across the 
utilised sample. It is evident from Figure 5.14 that the time of the year when people are 
consuming the most energy is from March until November, whereas during the cool 
season months, the mean consumption in kWh/m2 in the studied dwellings was as low 
as 5.2 kWh/m2 per month. Although this amount of energy is expected to produce hot 
water in the dwellings and in a few cases is for heating reasons, it was not possible to 
assess the dwellings with high energy consumption during the cool season, due to lack 
of collaboration with those dwelling’s occupants. 
 Summary 
The main points of this Chapter are: 
1. The surveys described in this chapter were done during two seasons (hot and cool) 
in the city of Dammam and yielded 622 sets of data. Around eighty percent of the 
samples were obtained in the hot season. 
2. Air temperature, relative humidity, clothing insulation and metabolic rates were 
recorded simultaneously with the time of respondents’ responses. 
3. The pattern of sensation responses showed that around 75% of respondents 
reported sensation within one of the three central categories on the seven-point 
ASHRAE scale. 
4. Limited differences in the mean clothing values were reported as 0.42 during the 
hot season and 0.49 during the cool season.  
5. People in the cool period reported undertaking fewer activities than in the warm 
period. 
6. The mean sensation responses were 0.02 in the warm period and 0.15 in the cool 
period. The neutral temperature was 26.7°C in the hot season and 20°C in the cool 
season.  
7. The range of indoor temperatures recorded during the cool period fell almost 
within the adaptive comfort standard limits, while in the hot period they fell well 
out of the adaptive limits, with a range of between 20°C to 35°C, and yet these 
were considered as ordinary liveable conditions.  
Chapter five: Findings and analysis 
99 
8. In both seasons, there was a significant difference in neutral temperatures within 
the nineteen sample dwellings, ranging between 19°C and 35°C. 
Based on these findings, the causes and effects of these differences in the data reported 
between homes will be explored in the next chapter. In Chapter six, conclusions are 
drawn from these studies on the development of principles that can make homes in 
Dammam more thermally comfortable. 
 
100 
 DIFFERENCES BETWEEN 
DWELLINGS  
"When architect design houses with large windows to pull the daylight into the house, 
curtains come to play a big role in the interior architecture” 
 Arne Jacobsen 
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 Introduction  
Building on the conclusion of the findings and analysis chapter, the aim of this chapter 
is to explore the differences between different dwellings, particularly in the hot season 
where these differences seem more critical than in winter. For the full cohort of 
dwellings, firstly, individual buildings are classified by performance, then the more 
noteworthy dwellings are selected for in-depth analysis. The analysis of each selected 
dwelling begins with a general description of the characteristics, occupants’ behaviour, 
and energy consumption of each dwelling. The first section of this analysis highlights 
the factors that characterise the dwelling, including its location, orientation, age, size, 
material, insulation and the type of mechanical ventilation used. The second section 
presents the demographic information regarding the dwellers and the available data on 
their daily behaviour. The final section summarises the dwellings’ energy bill over the 
year and the energy and operational cost per square metre of each dwelling. 
 Distribution and selection of dwellings 
The performance of the indoor temperatures in Dammam’s dwellings during the hot 
season, shown in Figure 5.11, shows the seventeen dwellings fall into three clear groups, 
as shown in Figure 6.1. The classification of these three groups was derived according 
to how the internal temperature of each dwelling performed in terms of the range of their 
temperature fluctuations from the beginning of the day until midnight. In the first group 
(Cluster A), dwellings performed steadily within a very slight range of temperature of 
less than two degrees Celsius during the twenty-four hours. In the second group (Cluster 
B) the dwellings temperature changes fluctuated within three degrees Celsius, also 
demonstrating a noticeable increase in temperature during the afternoon. The last group 
(Cluster C) are those where the temperature fluctuated very dramatically, and/or the 
average temperature varied by more than three degrees Celsius. Table 6.1 shows the 
thermal profiles of the dwellings divided into the three clusters A, B and C, which will 
be analysed in detail in this chapter. 
In order to select the most significant case from each cluster, Figure 6.2 provides a clear 
indication of the differences of the householders’ responses to the ASHRAE sensation 
scale during the hot season. The results of the sensation responses, along with the three 
types of dwellings’ performance classification, reveals some critical and interesting data 
about certain dwellings that demand deeper study. It is also worth looking closely at 
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some of the cases that might be considered as more ideal, in that their temperature data 
are closer to reasonable mean temperatures, with normal distribution of the sensation 
votes. Using these criteria, therefore, dwellings numbers five, nine and twelve from 
Cluster A; dwellings number one, three, six and thirteen from Cluster B; and dwellings 
number eight, eleven and fifteen from Cluster C were chosen for further investigation, 
see Table 6.1. The analyses primarily address the hot season, with a brief mention of the 
available data during the cool season. The following sections will study these clusters 
on a case by case basis. 
 
Figure 6.1 The classification of dwellings into three groups, based on the performance of the 
internal temperatures 
Table 6.1 Thermal profiles from dwellings in clusters A, B and C, with the dwellings chosen to 
be analysed in more detail in this chapter underlined. 
Cluster Characteristic Dwelling # Type Season participated 
Cluster A DTa < 2K 
2 Apartment Summer 
5 House Summer /Winter 
7 House Summer 
9 Apartment Summer 
12 Apartment Summer / Winter 
17 House Summer 
18 House Winter 
19 House Winter 
Cluster B 2K < DTa < 3K 
1 Apartment Summer / Winter 
3 House Summer / Winter 
4 House Summer / Winter 
6 House Summer 
10 Apartment Summer 
13 House Summer 
16 Apartment Summer 
Cluster C DTa > 3K 
8 Apartment Summer 
11 House Summer 
14 House Summer 
15 House Summer 
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Figure 6.2 The proportion of ASHRAE sensation votes as distributed in each of the selected 
Dammam dwellings in the hot season; a neutral response means the subjects do not feel warm in 
the hot season. 
 
 
 Cluster A 
 Dwelling #5 
This house is located in the North of the Rakah neighbourhood ~3000m away from the 
seashore to the east. The size of the house is ~ 950m2, with a southeast orientation and 
it is located on the street corner. This villa, shown in Figure 6.3, has two storeys and 
was constructed after 2000. It was built of concrete blocks and coated with natural stone 
on the east and south elevations, with beige colour plaster on the north and west 
elevations. It was constructed with a high-quality roof and external wall insulation 
(25cm thickness of polystyrene sandwiched blocks for external walls and 10cm hollow 
concrete blocks for the internal wall), with single glazed windows and with 11.87% 
window to wall ratio. The type of mechanical ventilation operated in the house is a 
central HVAC system with several split units in some parts of the house and all rooms 
ceilings are covered by suspended ceilings concealing the ducts, piping and HVAC 
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system. The mechanical systems are not maintained very often, being cleaned once or 
twice a year.  
Being in a large lot, the owner had originally been planting the surroundings of the 
house, but he claimed that it consumed too much money, effort and lots of water. Thus 
they decided to take out all the plants and use the setback spaces for some further 
extensions to provide additional storage and also an outdoor dirty kitchen. 
The resident family consisted of twelve adults and six children, including the father’s 
mother, the father and the mother, five sons, two of whom are married, with six grand-
children and two house maids who live on the premises. This family is classified within 
the high-income household group in this study, as the annual income is between 220 to 
440 thousand SAR (£40-80 thousand per year). The subjects involved in the study were 
the house owner and his wife. They were in their sixties and both overweight. As the 
husband worked as a legal counsel at several companies, he spent less than ten hours a 
day in the house, while his wife was in the house most of the day as a house-wife. They 
both preferred to spend most of their time in the bedroom section, as it was quieter than 
the rest of the home. However, they were both dissatisfied with the design of the house 
as it was not any longer big enough for the family, and also the house needed a complete 
renovation.  
As the family occupied both floors, the indoor physical measurements were collected 
from the living room (southeast) on the ground floor and the bedroom (east, southeast) 
on the upper floor. It is clear from Figure 6.4 that in terms of thermal performance, the 
house performed fairly well, with just above mean indoor temperatures found for the 
Dammam dwellings in this research. Moreover, Figure 6.5 shows in detail how the 
mechanical ventilation has significant control over the indoor environment. When 
operating the HVAC system all the time, at a specific thermostat setting, as in the 
bedroom, it shows that the outside condition has little impact on the indoor temperature. 
The bedroom temperature was fairly stable between 24.8 ºC and 27.4ºC, and the relative 
humidity ranged between 58% and 68%, which was considerably higher than the 
outdoor condition, due to the occupant’s activity, as well as the opening to a fairly large 
bathroom. The performance in the living room was quite different, however, as the 
central HVAC system was only operated when the room was occupied, which seemed 
to be from 3pm until 10pm, and the temperature remained stable until the sunrise in the 
morning. It appears that the temperature in the living room fluctuated between 24ºC to 
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33ºC. The relative humidity, however, also appeared to be higher than the outdoor 
condition, fluctuating between 45% and 70%. This high range of humidity could be 
related to the design of the living room, which opens to the hall and other rooms on the 
ground floor and also the opening of doors, as well as more people using the living 
room. Moreover, this amount of humidity had caused some problems in previous years, 
as the owner said, the insulation had damaged the internal walls, due to the saturation 
caused by the condensation; these had been renovated later with condensation-resistant 
materials. Another point is that the owner of the dwelling blinded the middle opening in 
the living room and the master bedroom by cement permanently, as they said that "it 
helped these rooms to keep the internal conditions more stable". 
 
 
Figure 6.3 The design layout of dwelling #5  
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Figure 6.4 The average performance of the indoor temperature of the bedroom and living room 
of dwelling #5 in both seasons within a 24-hour time-series. 
  
 
Figure 6.5 Plot of physical measurements of bedroom and living room of dwelling #5 along 
with outdoor conditions during the study period in the hot season. 
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Figure 6.6 Plot of physical measurements of bedroom and living room of dwelling #5 along 
with outdoor conditions during the study period in the cool season. 
 
Figure 6.7 Scatter of gender and place of ASHRAE sensation votes in a multiple time-series 
with annotation of indoor temperature in dwelling #5 during the hot season. 
 
Figure 6.8 Scatter by gender and place of ASHRAE sensation votes in a multiple time-series 
with annotation of indoor temperature in dwelling #5 during the cool season. 
 
 
30
40
50
60
70
80
90
100
5
10
15
20
25
01 January
02 January
03 January
04 January
05 January
06 January
07 January
08 January
09 January
10 January
11 January
12 January
13 January
Living room temperature Bedroom temperature Outdoor temperature
Living room humidity Bedroom humidity Outdoor humidity
Chapter six: Differences between dwellings 
108 
Regarding the ASHRAE sensation scale, the householder’s responses were almost 
neutral and slightly cool. Figure 6.7 and Figure 6.8 show how the occupants perceived 
the temperature in different seasons. In the bedroom, for example, the occupants seemed 
to be satisfied with the operation of the central HVAC system, as the temperatures were 
constant and they never voted slightly warm or above in the hot season. However, they 
only voted hot in the cool season, at a temperature of 20ºC and below. Those choices 
could be related to the south-east orientation of the bedroom as well as to the interior 
design, as it had carpet flooring, and a heavy type of curtains over the windows. 
Furthermore, the cool season sensation votes were contributed at midnight, and may 
have related to the amount of air flow, as the curtains were closed. Moreover, the 
occupants stated that they were wearing winter pyjamas which also might have 
compounded the effect on the sensation vote. On the other hand, the maximum of 27.4ºC 
with the peak of 68% RH increases the risk for excess dust mite populations, with 65% 
a critical threshold at that temperature. 
In the living room, however, the sensation votes fluctuated in the comfortable range 
(slightly warm, neutral and slightly cool). What was interesting was that they choose 
neutral and slightly cool at temperatures of 30ºC. This happened once on the 18th of 
August, and during the informal interview the male subject stated that he switched the 
AC on after a meal and sat on purpose directly under the airflow, so that he felt slightly 
cool, and he preferred no change at that moment when he was responding to the survey, 
where the room temperature gradually decreased afterwards. In winter, the sensation 
votes also fluctuated, lying within the comfortable choice range. 
In terms of temperature preferences and behaviour, the occupants generally preferred to 
have more cooling in both rooms, and the responses were mainly from the male 
occupant, who was regularly outside the house during the day and some of the evening, 
so the outdoor conditions influenced him, as he said. Interestingly, the occupants never 
opened the windows during the hot season and around 30% of their total responses 
included the operation of the internal door into uncooled indoor space. The situation in 
the cool season, however, was different, as around 33% of their responses included the 
operation of windows and none of doors. This behaviour might be due to the 
preconception of the outdoor conditions that makes the opening of internal doors in 
summer and windows in winter always a more effective choice. 
With regards to the amount of electricity consumption, the householder stated that they 
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occupied and cooled almost all rooms during summer, as some of their relatives visited 
them during the summer holidays. They stated in the general questionnaire that they 
started to operate the cooling system from April and did so until November during 
daytime, and from May to October during the night-time. During August 2013, when 
the study was undertaken, the energy bill was 5469.1 SAR (£908) for a total electricity 
consumption of 30640 kW/h for the month (see Figure 6.9). This amount of both cost 
and energy was very high compared to the other months in the hot season, as well as the 
bill in August 2014. The total payment of the energy bill for the whole of 2013 was 
14,425 SAR (£2622) for 103360 kWh electricity consumption. Consequently, the 
amount of energy consumed in this house was around 109 kWh/m2 per annum and the 
share per person was ~5742 kWh per capita per annum. However, with the new 
electricity tariff, the annual electricity bill could reach 23,080.75 SAR (£4,196.5) per 
annum. 
 
Figure 6.9 Illustration of an example of the energy consumption of dwelling #5, along with the 
cost of the electricity bill. 
Furthermore, as 70% of the cost of the electricity bill is subject to the cooling demand, 
the operational cost of the cooling system for the twelve rooms in this house included 
the cost of the electricity bill and the cost of the AC system maintenance, which is 
around 3,600 SAR (£654.6) for a single maintenance visit, which is around 19,825 SAR 
(£3,604) per annum. However, with the new electricity tariff, the annual operational cost 
could reach up to 28,480.9 SAR (£5,178.3), without the cost of replacement of any 
faulty parts during maintenance. 
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 Dwelling #9 
This dwelling is located in the North of Khobar neighbourhood, ~700m away from the 
seashore to the east. The size of the apartment is 210m2, northeast oriented and situated 
on the first floor of a three storey apartment building constructed after 2000. Figure 6.10 
shows the design layout of the dwelling, which was built with white lightweight concrete 
blocks, with natural granite blocks on the street elevations (north and east), with beige 
coloured plaster on the other facing elevations. It was constructed with high-quality roof 
and external wall insulation (25cm thickness of polystyrene sandwiched blocks for 
external walls and 10cm hollow concrete blocks for the internal wall), and double-
glazed windows and with 7.71% window to wall ratio. The ceiling is covered by a 
suspended ceiling concealing the ducts as full building mechanical ventilation is 
supplied by a central HVAC system and regularly maintained over the year. 
The family who live in this apartment consists of a father and a mother with two children 
and a house-maid. This family is classified within the high-income household group in 
this study, with an annual income between 220 to 440 thousand SAR (£40-80 thousand). 
The subjects involved in the study were the house owner and his wife. The husband was 
in his thirties and with a healthy weight, whereas his wife was in her twenties and 
slightly overweight. As the husband works at ARAMCO oil company as a safety 
engineer, he spends most of the day at work, while his wife stayed in the flat as a 
housewife. Although they were both satisfied with the design of the flat, the male 
occupant preferred to spend most of the home time in the bedroom as it’s quieter. 
However, the female liked to be in the living room during the day while the children 
were at school and preferred the bedroom after dinner when the children were in bed. 
The householders were fairly satisfied with the flat design, apart from the huge and 
rarely used guest room, which they would prefer to add to the living room. 
The indoor physical measurements were collected from the living room (middle of the 
flat) and the bedroom (northeast). It is evident from Figure 6.11 that the thermal 
performance in the flat was controlled very well by the central HVAC system. 
Figure 6.12 shows in detail how the indoor environment of the apartment behaved when 
operating the central HVAC system all the time. It clearly shows that the outside 
conditions had no impact on the indoor temperature, which is a proof of the advantage 
of insulation and the orientation of the apartment. Being on the east side of the building, 
a distinctive feature of the flat was that it had no west-facing windows, and only one 
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window on the south side, so avoiding ingress of the worst of the summer afternoon 
heat. As the flat temperature was set to 22ºC, it is obvious from Figure 6.12 that the 
bedroom is cooler than the living room. The bedroom runs at around two degrees cooler 
than the living room with more humidity instability. It is good to mention here that the 
living room benefits from the buffering of the kitchen although it has little source of 
daylight. This outcome might be related to the location of the bedroom, facing north, 
with the least sun exposure within the flat. The humidity in the bedroom fluctuated 
between 60% and 70% relative humidity, while in the lounge it was generally above 
70% relative humidity. This is because the living room is open to the kitchen, where 
cooking takes place, and other parts of the flat. 
 
Figure 6.10 the design layout of dwelling #9.  
 
Figure 6.11 A 24-hour time-series of the average indoor temperature performance in the 
bedroom and living room of dwelling #9 during the hot season. 
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The clear differences between the temperature measured, humidity recorded, and 
thermal sensation and preferences could be related to the design of the interior spaces 
as well as the function of each room. The bedroom faces north, with no direct solar 
radiation in the summer, while the living room is located in the middle of the apartment 
opening to the kitchen, as well as to the corridor leading to the bedrooms and toilets. 
The bedroom always has less activity taking place than other spaces, where more 
functions and activities occur, including cooking, watching TV and fitness exercises. 
Regarding the ASHRAE sensation scale, the householders responded differently 
depending on the room occupied. Figure 6.13 shows that the occupants felt cool and 
slightly cool in the bedroom at a temperature between 19 ºC to 21ºC, with several 
preferences recorded as preferring to be a bit warmer. Those choices could be related to 
the location of the bedroom within the flat, as well as the occupants clothing rate of 0.23 
clo in the bedroom, with such lower temperatures. In the living room, however, they 
voted neutral almost all the time.  
Regarding the adaptation to the internal conditions, most of the preferences votes were 
not to change the indoor temperature and the recorded desire to be warmer in the 
bedroom was stronger than a desire to be cooler in the living room. The adaptations 
related to these preferences were never opening windows and 17% of their total 
responses included the opening of the internal door into the uncooled indoor space. 
Regarding the amount of the electricity consumption, the householders stated that they 
operated the central HVAC system all the time from March to November. During 
August 2013 when the study was undertaken, , the energy bill was 204.3 SAR (£37) 
with a total of ~2527.8 kW/h electricity consumption (see Figure 6.14). The total energy 
bill in 2013 was ~1318.8 SAR (£240) for 19078.8 kW/h electricity consumption, and 
due to the low monthly consumption there will be no change to the future cost under the 
new electricity tariff. Thus, the amount of energy used in this dwelling was ~90.9 
kWh/m2 per annum and the share per person was ~3815.8 kWh per capita per annum.  
Furthermore, as 70% of the cost of the electricity bill is subject to the cooling demand, 
the operational cost of the cooling system for the five cooled rooms in this flat included 
the cost of the electricity bill and the cost of the AC system maintenance, which was 
around 1,500 SAR (£272.7) for a single maintenance visit, was around 3,568.96 SAR 
(£648.9) per annum and there are no increment to the operational cost after the new 
prices. 
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Figure 6.12 Plot of physical measurements of bedroom and living room of dwelling #9 along 
with outdoor conditions, during the study period in the hot season. 
 
Figure 6.13 Scatter by gender and place for ASHRAE sensation votes in a multiple time-series 
with annotation of indoor temperature in dwelling #9 during the hot season 
 
Figure 6.14 Illustration of an example of the energy consumption of dwelling #9, along with the 
cost of the electricity bill. 
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 Dwelling #12 
This dwelling was located in Al-Motlaq neighbourhood ~2000m away from the 
seashore to the east. The size of the apartment was 140m2, with a southwest orientation 
and it was situated on the first floor of a three -storey apartment building constructed 
after 1995. Figure 6.15 shows the design layout of the dwelling, which was built of white 
concrete blocks and faced with a natural stone faced to the street elevations (south and 
west) and white plaster on the other elevations. It was constructed with a high-quality 
roof and external wall insulation (20cm insulated hollow bricks), with single-glazed 
windows and with 9.69% window to wall ratio. Alongside the use of fans in the 
dwelling, the type of mechanical ventilation operated is split unit AC. The split units are 
not maintained very often, being only cleaned once or twice a year. 
The family who live in the flat consist of two adults and three children. This family is 
classified within the mid-income household group in this study with annual income is 
between 110 to 220 thousand SAR (£20-40 thousand). The subjects involved in the 
study were the house renter and his wife. The husband was in his thirties and overweight, 
and the wife was in her twenties and also slightly overweight. As the husband worked 
in the education sector as a teacher, he spent most of his day at work, while his wife was 
in the home. They both preferred to spend most of their time in the bedroom, away from 
the noise of their children. They were also dissatisfied with the dwelling’s design as it 
was not big enough for them and intended to move to another dwelling in the near future. 
The indoor physical measurements were collected from the living room in the middle 
of the flat and the bedroom (east, south, west), with windows in the east and south wall.  
It is evident from Figure 6.16 that the mean thermal performance in the flat was 
controlled fairly well by the mechanical system in the living room but with a slight 
fluctuation in the bedroom after noon. Figure 6.17 shows in detail how the indoor 
environment of the apartment behaved in relation to the outside conditions. The 
bedroom appears to be 5K colder than the living room. It is also clear that the bedroom 
temperature has been significantly affected by the outdoor conditions. This outcome 
might be related to the location of the bedroom, with a large solar radiation ingress 
during the day from the east, south and west sides. However, it evident that the living 
room benefits from the buffering of the bedrooms, leaving the mean temperature 
continually stable at around 25°C. The humidity in the bedroom fluctuated between 55% 
and 75% relative humidity, while in the lounge relative humidity was less than 65%. 
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The higher humidity readings in the bedroom may also have resulted from its location 
within the flat, close to the bathroom and the kitchen.  
Regarding the ASHRAE sensation scale, the householder’s responses fluctuated and 
were irregular, as shown in Figure 6.19 and Figure 6.20. It is obvious that dwellers were 
not able to cope well with the internal conditions, due to the fluctuation of the indoor 
temperature. In addition to that, it is possible that the users felt the outgoing thermal 
radiation from the outer walls, as the apartment is oriented south and exposed to the sun 
all through the day. However, the male seemed to be feeling warmer than the female, 
with an outlier of feeling cold in morning of the 25th of August, with 22ºC. On the other 
hand, in the cool season, the occupants felt cool and slightly cool in the early morning 
and at midnight in the bedroom, whereas the sensation reported in the living room was 
quite different. This could be related to the living room having no ventilation access 
except the mechanical one, which reduced the air flow that affected the sensation votes. 
 
Figure 6.15 The design layout of dwelling #12 
In terms of temperature preferences, the occupants generally preferred to have more 
cooling in both rooms. This preference could be related to the infrequent operation of 
fans in the bedroom (3% of the responses) and around 50% of their total responses refer 
to the opening of the internal door, that distributes the cooling into the other spaces in 
the flat. The adaptation behaviour in the cool season, however was different, as more 
than 50% of their responses included the operation of windows and 30% of doors. This 
behaviour might be due to the satisfactory outdoor conditions, that make the opening of 
internal doors and windows comfortable for air flow circulation. 
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Figure 6.16 The performance of the average indoor temperature of the bedroom and living room 
of dwelling #12 in both season within a 24-hour time series. 
 
Figure 6.17 Plot of physical measurements of bedroom and living room of dwelling #12, along 
with outdoor conditions during the study period in the hot season. 
 
Figure 6.18 Plot of physical measurements of bedroom and living room of dwelling #12, along 
with outdoor conditions during the study period in the cool season. 
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Figure 6.19 Scatter by gender and place of ASHRAE sensation votes in a multiple time series, 
with annotation of indoor temperature in dwelling #12 during the hot season 
 
Figure 6.20 Scatter by gender and place of ASHRAE sensation votes in a multiple time series, 
with annotation of indoor temperature in dwelling #12 during the cool season 
 
 
Figure 6.21 Illustration of an example of the energy consumption of dwelling #12 along with 
the cost of the electricity bill 
Regarding electricity consumption, the householder stated that they operate the AC from 
March and do so until November, over daytime, and from March to October during the 
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night. During August 2013, the energy bill was 191 SAR (£32) with a total of 2,112 
kW/h electricity consumption, as shown in  
Figure 6.21. This amount of money is very high compared to the other dwellings of the 
same size. The bill was greater in the following month, with a total of 2,460 kWh. The 
total cost of the energy bill in 2013 was 1,197 SAR (£218) with 14,622 kWh electricity 
consumption, and due to the low monthly consumption there will be no change to the 
cost under the new electricity tariff. Thus, the amount of energy used in this dwelling is 
about 104.4 kWh/m2 per annum, and the share per person is ~2,924.4kWh per capita per 
annum.  
Furthermore, as 70% of the cost of the electricity bill is subject to the cooling demand, 
the operational cost of the cooling system for this flat included the cost of electricity bill 
and the cost of the AC system maintenance, which was around 900 SAR (£163.65) for 
a single maintenance visit, was 2,574.94 SAR (£168.17) per annum.  
 Cluster A: conclusions 
As these three dwellings all have insulation, are of a similar age and behave fairly 
similarly, a brief comparison should highlight the hidden factors between them that may 
affect performance. It is clear that the orientation of the dwelling is chiefly affecting the 
thermal behaviour of the building and, consequently, their energy consumption. In 
apartment number twelve, for example, a comparatively large amount of electricity 
consumption of 104.4 kWh/m2 was expended to achieve a reasonable indoor 
temperature; however, the users were still not satisfied with the indoor conditions. In 
house number five, moreover, the electricity consumption per square metre of 109 kWh 
was also high, when compared to flat number nine, where a constant temperature was 
produced by the HVAC system throughout the day for lower electricity consumption of 
only 90.9 kWh/m2 per annum. On the other hand, while the operational cost of the 
cooling system for dwellings 9 and 12 would not change, the future cost for dwelling #5 
would increase by 14%, due to the high energy consumption. 
Another notable factor regarding flat nine was the quality of the mechanical ventilation 
in the dwelling and its maintenance. As the AC system had a regular maintenance and 
was checked every couple of months, the electricity consumption was significantly 
lower afterwards and the production of the cooling better. 
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 Cluster B 
 Dwelling #1 
This dwelling was located in the South of Rakah neighbourhood ~3000m away from the 
seashore to the east side. The size of the apartment was 160m2, southwest oriented and 
situated on the top floor of a three -storey apartment building. The building was 
constructed after 2005, of 20cm hollow concrete blocks with cement and light brown 
coloured plaster on all elevations. The layout of the apartment is shown in Figure 6.22. 
The occupant renting the flat had no idea if the building had any insulation, but it did 
have double glazed windows, with 10.8% window to wall ratio. The type of the 
mechanical ventilation operated in the flat was split unit AC with window AC unit 
systems in some of the rooms. The AC units were not maintained very often and were 
cleaned only once or twice a year. 
The family who live in the apartments consist of a couple only, classified within the 
mid-income household group in this study, with annual income between 110 to 220 
thousand SAR (£20-40 thousand). The subjects involved in the study were the apartment 
renter and his wife. The husband was in his thirties and heavily overweight and his wife 
was in her twenties and slightly overweight. As the husband worked at the municipality 
and his wife at a school, they spent less than ten hours a day in the flat, so they left in 
the morning and came home at 3pm. They both preferred to spend most of their time in 
the living room watching the TV. The occupants were very satisfied with the design of 
the flat as well as with its thermal environment. 
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Figure 6.22 The design layout of dwelling #1 
 
Figure 6.23 The performance of the average indoor temperature of the bedroom and living room 
of dwelling #1 in both seasons within a 24-hour time series 
The indoor physical measurements were collected from the living room (southwest) and 
the bedroom (southeast and southwest). Figure 6.23 shows that the indoor temperature 
varied irregularly in both rooms in the hot season. Figure 6.24 shows in detail how the 
indoor conditions responded to the outside condition in summer. However, Figure 6.23 
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shows a clear evidence of the impact of the afternoon solar radiation to the living room 
in the cool season. Moreover Figure 6.25 clearly illustrates that strong association with 
ambient conditions. Although it is hard to tell the history of this property, it is obvious 
that it was built without insulation. It is also obvious that both rooms performed 
similarly in the first five days. As the outside temperature fell, room temperature started 
to increase once the direct west sun radiation hit the west wall. The temperature then 
gradually fell until it settled in the morning at about 25ºC. However, the temperature in 
the lounge was much higher than in the bedroom after the 25th of August, when the 
occupants travelled for the weekend. After that period, the lounge temperature did not 
settle back down to its previous condition. In fact, it even recorded higher temperatures 
than the outside temperature of 31ºC on more than four occasions. Furthermore, the 
location of the flat, on the top floor and perhaps without roof insulation, might play a 
fundamental part in the indoor thermal conditions experienced. The control of humidity 
in the living room was better than in the bedroom, where the humidity in the living room 
fluctuated within the range of 30% to 60% relative humidity, while in the bedroom it 
was normally above 60% relative humidity, which was related to the occupants’ 
activities. 
Figure 6.26 shows that on the ASHRAE sensation scale, the dwellers responded almost 
on the cool side of the sensation scale in the first week, whereas after the weekend 
period, when the house was unoccupied, the thermal performance changed to be feeling 
warmer in the living room and cooler in the bedroom, the thermal sensation altered 
erratically. Moreover, the occupants felt neutral or on the cool scale sixteen times, with 
temperatures between 25ºC and 32.7ºC, with an outlier of feeling cold at 27.5ºC just 
before the midday on the 28th of August. Conversely, the dwellers had noticed the heat 
of the solar radiation in the living room four times before midnight and voted warm and 
slightly warm along with temperature over 28.9ºC, demonstrating a clear adaptation to 
higher temperatures within the flat.  
In terms of temperature preferences, most of the preferences votes did not relate clearly 
to the indoor temperatures recorded. However, the occupants voted to prefer to be cooler 
in the living room more than in the bedroom. This preference might relate to the location 
of the living room in the middle of the apartment, as well as its orientation facing 
southwest. The location of the living room in an area opening to all other spaces 
encouraged more activities and movement, as well as a great amount of energy to get to 
the cooling level desired. Interestingly, around 26% of the total responses included the 
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opening of the internal door into other indoor space, which might be due to the 
preconception of the outdoor condition that makes the opening of internal doors a more 
effective choice. 
 
Figure 6.24 Plot of physical measurements of bedroom and living room of dwelling #1 along 
with outdoor conditions during the study period in the hot season 
 
Figure 6.25 Plot of physical measurements of bedroom and living room of dwelling #1 along 
with outdoor conditions during the study period in the cool season 
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Figure 6.26 Scatter by gender and place of ASHRAE sensation votes in a multiple time-series 
with annotation of indoor temperature in dwelling #1 during the hot season 
 
Figure 6.27 Scatter by gender and place of ASHRAE sensation votes in a multiple time-series, 
with annotation of indoor temperature in dwelling #1 during the cool season 
  
Figure 6.28 Illustration of an example of the energy consumption of dwelling #1 along with the 
price of the electricity bill 
Regarding the electricity consumption, the householder stated that they operated the AC 
from March and until November every year. During August 2013, as shown in 
Figure 6.28, the energy bill was 118 SAR (£.5) paid for a total of 2060 kW/h of 
electricity consumption. The annual energy bill in 2013 was 970 SAR (£176.3) for 
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15200 kWh electricity consumption, and due to the low monthly consumption, there 
will be no change to the cost under the new electricity tariff. The amount of energy in 
this dwelling is about 95 kWh/m2 per annum and the share per person is ~7,600 kWh 
per capita per annum.  
As 70% of the cost of the electricity bill is subjected to the cooling demand, the 
operational cost of the cooling system for the four cooled rooms in this dwelling 
included the cost of electricity bill and the cost of the AC system maintenance, which is 
1,200 SAR (£218.2) for a single maintenance visit, is around 2768.15 SAR (£503.3) per 
annum. 
 Dwelling #3 
This dwelling was located in Al-Safa neighbourhood ~2600m away from the seashore 
to the east. The size of the house was 450m2, northeast oriented and located centrally 
within the street. This single-storey house was constructed in the eighties with a single 
course of 20cm hollow concrete blocks and coated with cement and white plaster. 
Figure 6.29 shows the design layout of the dwelling, which was constructed without any 
insulation and has single glazed windows with 31.25% window to wall ratio. The type 
of mechanical ventilation operated in the house is split unit AC with window AC units 
in some of the rooms. The AC units are not maintained very often, being cleaned only 
when needed. 
The family who rented this house consisted of three adults, two teenagers, a 
housekeeper, and a driver. This family was classified within the mid-income household 
group in this study, with annual income between 110 to 220 thousand SAR (£20-40 
thousand). The subjects involved in the study were two females, a single mother and her 
adult daughter. The mother was at a healthy weight, in her sixties, while her daughter 
was overweight in her twenties. The mother worked in the education sector, so she spent 
around half of the day outside the house, while the daughter was in college. They were 
both dissatisfied with the design and the thermal condition of the house.  
The indoor physical measurements were collected from the living room (northeast) and 
the bedroom, as they both occupy this room (northeast and northwest) as shown in 
Figure 6.29. It is clear from Figure 6.30 that the bedroom temperature increases 
dramatically after midday, while the living room is fairly stable during the hot season 
and temperatures in both rooms are stable in the cool season. Figure 6.31 shows in detail 
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the indoor conditions, with the rather difficult to explain irregularity of the thermal 
performance. It is apparent that the amount of heat lost and gained through the external 
walls was very high. The AC split unit in the bedroom, for example, was only operated 
when the room was occupied normally from midnight until midday. It can be seen that 
when the AC was switched on, the temperature slowly decreased, within a range of five 
degrees. However, once the sun rose at 6 am in the morning and the radiation began to 
hit the external wall, the temperature immediately rose and fluctuated for a couple of 
hours until the sun moved so that no heat was directed onto the east wall. Moreover, the 
temperature in the lounge was constantly unsettled and never moved below 25ºC and 
always appeared to be warmer than the bedroom. This is obviously because the living 
room was fairly huge and opened onto other parts of the house, so the efficiency of one 
AC split unit could not provide the enormous amount of cooling needed in such a huge 
area. However, the occupants felt neutral or slightly cool in the living room. Moreover, 
the humidity in the living room was constantly changing under the influence of the 
indoor activities, ranging between 45% and 80% relative humidity, while the humidity 
in the bedroom ranged between 40% and 70% RH. 
 
Figure 6.29 The design layout of dwelling #3 
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Figure 6.30 The performance of the average indoor temperature of the bedroom and living room 
of dwelling #3 in both seasons within a 24-hour time series. 
 
Figure 6.31 Plot of physical measurements of bedroom and living room of dwelling #3 along 
with outdoor conditions during the study period in the hot season. 
 
Figure 6.32 Plot of physical measurements of bedroom and living room of dwelling #3 along 
with outdoor conditions during the study period in the cool season. 
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For the ASHRAE sensation scale, the householder’s responses were neutral and slightly 
cool. Figure 6.33 and Figure 6.34 shows the dwellers’ thermal perception of the indoor 
temperature in both seasons. In the bedroom, the occupants seemed to be feeling cool 
as they never voted neutral or over in the hot season, even with temperature slightly over 
27ºC. Those reported choices may be related to the fact that they filled in the survey 
after being in the lounge, with its warm conditions, and before sleeping at night, so the 
AC was switched on, and the room had cooled already. However, what is interesting is 
that the state of the bedroom may allow to free-float from early afternoon until midnight 
before using the AC, which indicates respective time lags and thermal damping 
comparing respective troughs and peaks between rooms. In terms of temperature 
preferences, the occupants always voted to prefer to be cooler in the living room. 
However, in the cool season, shown in Figure 6.34, the sensation votes were warm and 
slightly warm in the bedroom with temperatures below 21ºC. This may be related to the 
reduced amount of air flow in the room, or the wearing of winter clothes compounding 
the warm effect on the sensation vote in the cool season, as the clothing value of the 
occupants during the night in the cool season ranged between 0.35 to 0.62 clo. 
Regarding electricity consumption, the householder stated that they operate the AC all 
the time from May and until December. During August 2013, as shown in Figure 6.35, 
they had an energy bill of 993.6 SAR (£180.7) for a total of 9508 kW/h electricity 
consumption. The total energy bill for 2013 was 5204 SAR (£946.2) for 56339 kWh 
electricity consumption. Thus, the amount of energy used in this dwelling was about 
125.2 kWh/m2 per annum and the share per person was ~8048.4 kWh per capita per 
annum. However, with the new electricity tariff, their annual electricity bill could reach 
8,325.82 SAR (£1513.79) per annum. 
The operational cost of the cooling system for the six cooled rooms in this house, 
including the cost of the electricity bill and the cost of the AC system maintenance, 
which was 1,800 SAR (£327.3) for a single maintenance visit, was around 7,903.9 SAR 
(£1,437.1) per annum. However, with the new electricity tariff, the annual operational 
cost could reach up to 11,026 SAR (£2,004.7), without factoring in the cost of 
replacement of any faulty parts during maintenance. 
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Figure 6.33 Scatter by the place of ASHRAE sensation votes in a multiple time series with 
annotation of indoor temperature in dwelling #3 during the hot season 
 
Figure 6.34 Scatter by gender and place of ASHRAE sensation votes in a multiple time series, 
with annotation of indoor temperature in dwelling #3 during the cool season 
 
Figure 6.35 Illustration of an example of the energy consumption of dwelling #3 along with the 
cost of the electricity bill 
 Dwelling #6 
This two-storey detached house was located in Al-Corniche neighbourhood ~600m 
away from the seashore to the east. The size of the house was about 700m2, northeast 
oriented and located centrally within the street and it was constructed in or after 2005 
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(Figure 6.36). It was built of white lightweight concrete blocks and coated with natural 
stone on the main eastern façade, with light beige colour plaster on the other elevations. 
It was constructed with a high-quality roof and external wall insulation (25cm thickness 
of the blocks including the insulation inside the external walls), and double-glazed 
windows and with 18.65% window to wall ratio. Unlike the other cases, this dwelling 
has a nice plantation around the house and pergola. Furthermore, together with the use 
of ceiling fans in all occupied rooms, the house has mechanical ventilation in the form 
of a central HVAC system with several split units in some parts of the house and all 
rooms’ ceilings are covered by a suspended ceiling concealing the ducts, piping and 
HVAC system. The mechanical systems are regularly maintained, around twice a year. 
The family living in the house consisted of a father, mother, male teenager, three 
children and a housemaid. This family was classified within the high-income household 
group in this study, with annual income between 220 to 440 thousand SAR (£40-80 
thousand). The subjects involved in the study were the house owner and his wife, who 
are both in their fifties and slightly overweight. As the husband worked in ARAMCO, 
he spent about ten hours a day in the house while his wife, an interior designer, was 
home-based for her work. Although they were both satisfied with the design of the 
house, they both preferred to spend most of their time in the bedroom section, as it was 
quieter than the rest of the house. In fact, the male occupant claimed that the house was 
too big for them, as two of his sons were studying in a different city, so they barely used 
the spaces. 
The indoor physical measurements were collected in the east and west facing living 
room and the east facing bedroom, as shown in Figure 6.36. Moreover, Figure 6.37 
shows that by midday the indoor temperature increases by more than three degrees in 
the bedroom while there are many fluctuations in the living room temperatures. 
Figure 6.38 shows in detail how the indoor conditions performed. It is clear that the 
temperature in the living room was warmer than the bedroom by an average of five 
degrees. The occupants stated that the AC in the house was only operated when the 
rooms were occupied and they switched on the AC system for around 20 to 45 minutes 
every two hours in the day time and operated the ceiling fan for air movement. 
Furthermore, the operation of the AC system in this house was limited to six months in 
the year. 
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Figure 6.36 The design layout of dwelling #6 
 
Figure 6.37 The performance of the average indoor temperature of the bedroom and the living 
room of dwelling #6 in the hot season within a 24-hour time series 
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Figure 6.38 Plot of physical measurements of bedroom and living room of dwelling #6, along 
with outdoor conditions during the study period in the hot season 
 
Figure 6.39 Scattering by gender and place of ASHRAE sensation votes in a multiple time 
series with annotation of indoor temperature in dwelling #6 during the hot season 
 
Figure 6.40 Illustration of an example of the energy consumption of dwelling #6 along with the 
price of the electricity bill 
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As the house was well insulated, there was no clear indication of a relationship between 
the external temperature and the internal temperature as long as the AC operated. In the 
bedroom, for example, when the AC was switched on, before the occupants going to 
bed at midnight, the temperature slowly decreased from just below 30ºC to 25ºC and 
remained at this temperature until midday. Conversely, the temperature in the lounge 
was continuously warm and never fell below 30ºC. This is obviously because the living 
room was east-west facing, being large and opening to almost all other parts of the 
house. Due to the occupants’ preference to be in a warm condition, it appears that, in 
summer, the living room was even warmer than the outside climate overnight. However, 
the humidity in the lounge was lower than in the bedroom. It fluctuated in the range of 
50% to 60% relative humidity, whereas, in the bedroom, humidity was always over 60% 
relative humidity. 
Figure 6.39 shows the occupants’ thermal perception towards the indoor temperature in 
the hot season, according to the ASHRAE sensation scale responses. It can be seen that 
the indoor temperature of the bedroom was unstable and changed very often causing the 
householders’ votes to fluctuate randomly. Although the male occupant voted seven 
times at warm and slightly warm for temperatures between 25ºC and 35ºC, indicating 
he preferred to be slightly cooler, he also voted slightly cool at a temperature of 28ºC. 
In the living room, when temperatures rose over 31ºC the votes were always warm, apart 
from a single response of hot at a temperature of 32.1ºC, with a no change preference. 
What is surprising in this house, is that the male subject enjoyed remaining without the 
air conditioning and only operated the ceiling fan when he was alone. This occurred 
regularly, as it happened on seven occasions out of eighteen recorded responses, 
including two choices where he left the window open at 3pm along with an outdoor 
temperature over 40ºC. Moreover, one out of three responses recorded the female 
subject operating both the ceiling fan together with the AC. Interestingly, the proportion 
of time operating the AC and fan was distributed between 50% each. The subjects also 
used other forms of adaptation during the extreme hot season, opening the windows and 
doors in the proportion of 11% and 39% respectively.  
Regarding the amount of the electrical consumption, the householder stated that they 
operate the AC from May until the end of September, over both day and night-time. 
During August 2013, as shown in Figure 6.40, the energy bill was 993.6 SAR (£180.6) 
for a total of 9508 kW/h electricity consumption. The annual energy bill in 2013 was 
6,075 SAR (£1,104.5) for 62,480 kWh electricity consumption. Thus, the amount of 
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energy in this house is around 89.3 kWh/m2 per annum, which is around 760 Saudi 
Riyals (£138) per person per annum. However, with the new electricity tariff, the annual 
electricity bill could increase, to 9,719.8 SAR (£1,767.2) per annum. 
The operational cost of the cooling system for the seven cooled rooms in this house 
including the cost of electricity bill and the cost of the AC system maintenance, which 
is around 2,100 SAR (£381.9) for a single maintenance visit, is around 9,225.13 SAR 
(£1,677.3) per annum. Nevertheless, with the new electricity tariff, the annual 
operational cost could reach up to 12,870 SAR (£2,340) without the cost of replacement 
of any faulty parts during maintenance. 
 Dwelling #13 
This detached house is located in The South of Doha neighbourhood ~7000m away from 
the seashore to the east. The size of the house is ~350m2, northwest oriented and located 
centrally within the street. This house is one storey only with a staircase for a future 
extension and it was constructed in the eighties. Figure 6.41 shows the design layout of 
the dwelling that was built of 20cm hollow concrete blocks and coated with coloured 
cement, without roof and wall insulation and with single glazed windows and with 
31.11% window to wall ratio. The type of the mechanical ventilation operated in the 
house was split unit AC with some AC window systems in some parts of the house, 
along with a ceiling fan in the occupied rooms. The AC units were not well maintained 
or serviced very often, as they were only filled with Freon gas when needed; the 
householders stated that it was expensive to maintain the cooling system and they chose 
not to maintain the equipment regularly. 
The family, who lived in the house consisted of two adults and six children and a 
housemaid. This family was classified within the mid-income household group in this 
study, with annual income between 110 to 220 thousand SAR (£20-40 thousand). The 
subjects involved in the study were the house owner and his wife, in their forties, and 
both were heavily overweight. As the parents are school teachers and their children all 
attend schools, they spend most of the daytime outside the house. They both prefer to 
spend much of their time at home in the living room, as they stated ‘it is the area where 
the family meet’. 
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Figure 6.41 The design layout of dwelling #13 
 
Figure 6.42 The performance of the average indoor temperature of the bedroom and the living 
room of dwelling #13 in the hot season within a 24-hour time series 
The indoor physical measurements were collected from the east facing living room and 
the south and west facing bedroom, shown in Figure 6.41. Figure 6.42 shows that the 
thermal performance in the house fluctuated considerably around an average indoor 
temperature of 29ºC most of the day. Moreover, it is evident from Figure 6.43 that the 
occupants switch the AC on or off when they occupy or leave the rooms, and the indoor 
temperature differences in the bedroom are much higher than in the living room. This 
high temperature in the bedroom is obviously due to the west facing aspect of the 
bedroom, as the sun was striking the western wall by 3pm and the temperature rose 
gradually from ~ 26ºC to 32ºC. The living room temperatures fluctuated between 27ºC 
to 29ºC and were always below 30ºC, with one exceptional record of 39.3ºC reported 
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since the readings in the house began. This exceptional outlier might be related either to 
the occupant leaving the door open for a long time, or the instrument having been just 
moved into the room, as the temperature was close to the temperature outdoors, from 
where it had just been moved. It is apparent that the occupied temperatures were 
influenced by the outdoor temperatures and rooms may allow to free-float from early 
afternoon until midnight. The humidity in both rooms fluctuated between 50% and 65% 
relative humidity. 
Figure 6.44 shows the occupants’ thermal perceptions towards the indoor temperature 
in the hot season, according to the ASHRAE sensation scale. In line with the indoor 
temperature of the bedroom, that was unstable and changed very often, the 
householder’s votes fluctuated randomly. In the first four days, the votes were neutral 
and on the warm side of the scale associated with temperatures between 28.6ºC and 
33.8ºC and the respondents desired more cooling in the bedroom. After that point, the 
votes changed to be always on the cool side, related to a range of temperature between 
25.7ºC to 29.6ºC, and they mostly responded that they did not want to change the 
temperature. However, the occupants were fairly satisfied with the temperature in the 
living room. The responses were on the comfortable side (slightly warm, neutral, 
slightly cool) apart from two responses that were warm and associated with a 
temperature of 27.9ºC and 28.4ºC respectively. Most of these reported thermal 
sensations votes fell out of the adaptive limits ranges and yet were considered as 
ordinary liveable conditions in this house. 
In terms of adaptations, the proportion of time of operating the AC was only 77% of the 
studied period, which might have been to reduce the electricity bill, as they claimed it 
was expensive. The householder also operated the fans and opened doors as a source of 
adaptation, in the proportion of 23% to 62% respectively, supporting the hypothesis that 
opening the internal doors into other indoor spaces, instead of opening windows, was 
preferred because of the preconception of the extreme outdoor conditions. 
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Figure 6.43 Plot of physical measurements of bedroom and living room of dwelling #13 along 
with outdoor conditions during the study period in the hot season 
 
Figure 6.44 Scatter by gender and place of ASHRAE sensation votes in a multiple time series, 
with annotation of indoor temperature in dwelling #13 during the hot season 
 
Figure 6.45 Illustration of an example of the energy consumption of dwelling #13, along with 
the cost of the electricity bill. 
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Regarding the amount of the electricity consumption, the householder stated that they 
operated the AC from June until the end of September over the day and night-time. 
During August 2013, as shown in Figure 6.45, the energy bill was 935.55 SAR (£156) 
for a total of 7,874 kW/h electricity consumption. This bill was somewhat less than the 
June and July bills of the same year, as the occupants went for a holiday at the beginning 
of August. The annual energy bill in 2013 was 6,733.5 SAR (£1,224) for 65,666 kWh 
electricity consumption. Overall, the amount of energy used in this house was around 
192.4 kWh/m2 per annum with the share per person being around 8,416.9 kWh per 
capita per annum. However, with the new electricity tariff, the annual electricity bill 
could reach 11,850.9 SAR (£2,154.7) per annum. 
Given that around 70% of the cost of the electricity bill is subjected to the cooling 
demand, the operational cost of the cooling system for the eight cooled rooms in this 
house, including the cost of the electricity bill and maintenance of the AC system, which 
was 2,400 SAR (£436.4) for a single maintenance visit, was around 11,007 SAR 
(£2,001) per annum. However, with the new electricity tariff, the annual operational cost 
could rise by 4,500 SAR (£820) above the current price, without factoring in the cost of 
replacement of any faulty parts during maintenance. 
 Cluster B: Conclusions 
Despite the fact that these four dwellings varied in terms of insulation, orientation, and 
size, they behaved in a reasonably similar fashion. Therefore, a brief comparison is 
included to highlight the hidden factors among them. Apartment #1 , for example, 
consumes a relatively modest 95 kWh/m2 per annum, despite appearing to suffer from 
its south-westerly orientation. However, it seems that this insulated flat located on the 
ground floor is well-formed and placed to provide good indoor conditions that 
consequently produce ASHRAE sensation scale votes of neutral and slightly cool. In 
contrast, looking at houses numbers three and thirteen in this cluster, which were both 
reasonably well-oriented single storey houses of similar size and age, they consumed 
the most energy among the cluster. An enormous amount of electricity (192.4 kWh/m2 
in house #13 and 125.2 kWh/m2 per annum in house #3) was consumed to achieve 
apparently acceptable temperatures. This higher level of energy consumption could be 
related to the fact that these houses were not insulated, and the number and size of 
windows may be excessive with more than 31% window to wall ratio. 
Although house #6 was the largest in size among those four dwellings, the energy 
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consumption per square metre was the lowest, at of 89.3kWh/m2 per annum. This may 
be have been influenced by the good orientation of the house to the northeast, and the 
type and state of maintenance of the air-conditioning systems used, both central HVAC 
system and split unit AC. Moreover, a critical factor in this house was the insulation, as 
it was fully insulated and coated with natural stone, providing another layer of 
insulation. Although, in fact the ASHRAE scale mean is on the warm side, this may be 
explained by the occupant’s attitude and daily lifestyle, which made a huge difference 
in comparison with the studied dwellings in this study. 
 Cluster C 
 Dwelling #8 
This dwelling was located in the North of Rakah neighbourhood, ~2000m away from 
the seashore to the east. The size of this flat was 140m2, and it was oriented to the 
southwest and situated on the top floor of a three storey apartment building constructed 
after 2005. Figure 6.46 shows the design layout of the dwelling, which was built with 
20cm hollow concrete blocks and coated with cement and brown plaster. It was 
constructed without roof or wall insulation and with single glazed windows and 45.83% 
window to wall ratio. The type of mechanical ventilation operated in the house was split 
unit AC and AC window units along, with a standing fan for air flow in the living room. 
The AC units were not maintained very often being only cleaned once a year. 
The family, who lived in the apartment consisted of two adults and one child. This 
family was classified within the mid-income household group in this study, with annual 
income is between 110 to 220 thousand SAR (£20-40 thousand). The subjects involved 
in the study were the house renter and his wife. They were both teachers in their thirties 
and slightly overweight. They both preferred to spend most of their time at home in the 
living room watching TV and were both dissatisfied with the design of the flat, as they 
complained about the hardly used huge guest area, as well as the western entrance to the 
living room, which, they stated, ‘interrupts the privacy sometimes’. 
The indoor physical measurements were collected from the living room, which was 
situated in the middle of the flat, without any source of natural ventilation, as seen 
Figure 6.46, and from the south-easterly facing bedroom. It is clear from Figure 6.47 
that the thermal performance in the flat fluctuated around an average indoor temperature 
of 30ºC and 24ºC in the living room and the bedroom respectively. It is clear that the 
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temperature in the living room was warmer than the bedroom by an average of six 
degrees, which might be related to the fact of being on the top floor with uninsulated 
roof. Therefore, the occupant uses the standing fan to circulate the air in this room. 
 
Figure 6.46 The design layout of dwelling #8 
 
Figure 6.47 The performance of the average indoor temperature of the bedroom and the living 
room of dwelling #8 in the hot season within a 24-hour time series. 
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Figure 6.48 shows in detail how the indoor environment of the flat behaved in relation 
to the outside climate. Although it is hard to tell the history of this property, it is obvious 
that it was built with highly thermally conductive materials and that being under an 
exposed, uninsulated roof had a major effect. It is also evident that the occupants 
operated each room’s AC only when it was occupied. However, the flat appears to be 
around 3K warmer than expected between midnight and midday, even though there was 
no sign of external conditions influencing the internal temperature while the AC was 
operating. In the bedroom, for example, when the AC was switched on before going to 
bed at midnight, the temperature slowly decreased to about 22ºC and remained at this 
temperature until midday, apart from a 2K temperature rise at 2am until sunrise. 
Subsequently, when they switched the AC off, the temperature increased to around 
29ºC. Conversely, the temperature in the lounge was continuously warm and never 
moved below 27ºC, apart from one exceptional night, 27th of August (Figure 6.48), when 
the outdoor temperature of the previous day was the lowest for that week. Although 
there was no solar radiation directed on the lounge, the warm temperature was related 
to the large area of hot roof. Moreover, locating the living room internally without any 
access for natural ventilation has, in this case, blighted the liveable space, which is 
apparently allowed to free-float overnight to well above 30ºC and then to be cooled 
rapidly by AC. The humidity in both rooms fluctuated between 55% and 82% relative 
humidity with an average of 64.8% RH. In fact, the bedroom appeared more humid than 
the living room, especially before midnight, which may be attributed to the activity in 
the rooms. 
Using the ASHRAE sensation scale, Figure 6.49 shows the occupants’ thermal 
perceptions towards the indoor temperature. The householders responded slightly warm, 
neutral and slightly cool for almost all conditions in both rooms. Moreover, the 
occupants seemed to be satisfied with the indoor temperature, as they never responded 
warm or over in the hot season, and the choices of only 36% of the whole reported 
responses were slightly warm. In fact, the female was very sensitive to warm 
temperatures as she chose slightly warm with temperatures which ranged between 25ºC 
to 29ºC, whereas the male only selected slightly warm when the temperature was 30ºC 
or over. Those choices could be related to the activity of the subjects, as well as the 
associated time of voting. What was interesting was that the male responded neutral in 
the living room on the 27th of August afternoon at a temperature of 26ºC, whereas three 
hours later he responded cold at the same temperature. The female also did the same 
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thing in the bedroom, with responses from slightly warm to slightly cool associated with 
the same temperature. The reasons for these responses could be related to taking the 
survey just after a nap, when the metabolic rate was reduced. In terms of temperature 
preferences, the male occupant would have preferred to have more cooling in both 
rooms. This preference was voted by the occupant who was usually outside the house, 
so the effect of the outdoor conditions on that occupant may have influenced this vote. 
 
Figure 6.48 Plot of physical measurements of bedroom and living room of dwelling #8 along 
with outdoor conditions during the study period in the hot season 
 
Figure 6.49 Scattering by gender and place of ASHRAE sensation votes in a multiple time 
series with annotation of indoor temperature in dwelling #8 during the hot season 
Regarding the amount of the electricity consumed, the householder stated that they start 
to operate the AC system from April and do so until the end of September over both day 
and night-time. Figure 6.50 shows that the energy bill during August 2013 was 164.4 
SAR (£29.9) for a total of 2,277 kW/h electricity consumed. The annual energy bill in 
2013 was 1,220 SAR (£221.8) for 19,898 kWh electricity consumed, and due to the low 
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monthly consumption there will be no change to the cost under the new electricity tariff. 
The amount of energy consumed in this flat is thus calculated as 142.13 kWh/m2 per 
annum with the share per person of around 6,632.6 kWh per capita per annum. 
Overall, the operational cost of the cooling system for the five cooled rooms flat, 
including the cost of the electricity bill and the cost of the AC system maintenance, 
which is 1,500 SAR (£272.75) for a single maintenance visit, was around 4,079.66 SAR 
(£741.7) per annum.  
 
Figure 6.50 Illustration of an example of the energy consumption of dwelling #8 along with the 
price of the electricity bill. 
 Dwelling #11 
This two storey detached house is located in Al-Jameyien neighbourhood and is 3100m 
away from the seashore to the east. The size of the house is about 800m2, with a 
southeast orientation and located at the street corner and it was constructed in or after 
2000. It was built of 20cm hollow concrete blocks and coated with cement and light 
pink colour plaster on all sides, without wall or roof insulation and with single glazed 
windows. The type of mechanical ventilation operated in the house was split unit AC 
along with the use of fans in some part of the house. The split units were not maintained 
very often, being only cleaned once a year. The occupants commented that having 
further insulation added in this big building would be expensive. 
The family who lived in the house consisted of ten adults and one child: a father and 
mother, five adult sons and one daughter, with two housekeepers and a driver. This 
family is classified within the high-income household group in this study with annual 
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income between 220 to 440 thousand SAR (£40-80 thousand). The subjects who were 
involved in the study were the house owner and his wife. They were in their fifties and 
both heavily overweight. As the husband worked as a medical consultant at the Ministry 
of Health, he spent less than ten hours a day in the house, while his wife was in the house 
most of the day. They both preferred to spend most of their home time in the bedroom 
section, as it was large enough and comfortable. However, they both disliked being in 
the living room, as it was a large space open to three corridors and has no upper floor, 
so the indoor temperature was relatively high. The husband was strongly dissatisfied 
with the design of the house, as there was a lot of wasted space in the rooms, particularly 
in the big living room, which was open between the two floors and could not cooled by 
the AC units. Unfortunately, the researcher did not get the chance to draw the house 
plan, due to a miscommunication with the householders after the survey’s completion. 
  
Figure 6.51 Basic zoning of dwelling #11 
 
Figure 6.52 The performance of the average indoor temperature of the bedroom and the living 
room of dwelling #11 in the hot season within a 24-hour time series. 
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Figure 6.53 Plot of physical measurements of bedroom and living room of dwelling #11, along 
with outdoor conditions during the study period in the hot season 
 
Figure 6.54 Scatter by gender and place of ASHRAE sensation votes in a multiple time series 
with annotation of indoor temperature in dwelling #11 during the hot season 
 
Figure 6.55 Illustration of an example of the energy consumption of dwelling #11along with the 
cost of the electricity bill 
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The indoor physical measurements were collected from the south-easterly facing living 
room and the west and northwest facing bedroom, according to the questionnaire 
information. Due to lack of assistant, it was difficult to get the measurements of the 
dwelling, so a basic zoning of spaces illustrated in Figure 6.51. It is clear from 
Figure 6.52 that the thermal performance in the house fluctuated around an average 
indoor temperature of over 29ºC during most of the day. Figure 6.53 shows in detail 
how the indoor environment of the house behaved in relation to the outside climate. It 
is obvious that the bedroom was running at ~ 5K colder than the living room. It is also 
evident that the occupants operated the AC only when it was occupied. It is apparent 
that the occupants were impacted on by the outdoor temperature. An example of this 
can be seen in Figure 6.53:when the outside temperature jumped to over 45ºC on the 
24th of August, the living room temperature fell to 25.4ºC, while the bedroom was at 
20ºC, as if it were an extraordinary day. This lower temperature never occurred again, 
as the living room never ran below 29ºC and the bedroom was never below 25ºC. The 
humidity in both rooms fluctuated between 50% and 70% relative humidity. In fact, the 
lounge seems less humid than the bedroom, which might be because it was less used in 
comparison with the bedroom. 
Figure 6.54 shows the occupants’ thermal perceptions towards the indoor temperature 
according to the ASHRAE sensation scale responses. As the indoor temperatures of the 
bedroom were cooler than those of the living room, the householder’s votes were 
registered as mostly on neutral in the bedroom and warm in the living room. In the living 
room, where at high temperatures over 30ºC the votes were warm each time, apart from 
two votes of slightly warm, the preferences were to have more cooling. In the bedroom, 
however, the sensation votes fluctuated within the comfortable range of slightly warm, 
neutral and slightly cool with temperatures between 22.2ºC and 28.7ºC. Moreover, the 
AC was operating almost all the time and the only adaptation was limited to the use of 
fan and opening the doors into uncooled spaces, distributed as 35% for each form of 
adaptation.  
Regarding the amount of the electricity consumed in the house, the householder stated 
that they operate the AC from May until the end of October, over the daytime and from 
June until September over night-time. Figure 6.55 shows that the energy bill during 
August 2013 was 2,532.4 SAR (£460.4) for a total of 19,584 kW/h electricity 
consumption. The annual energy bill in 2013 was 12,578 Saudi Riyals (£2,286.9) for a 
total electricity consumption of 118,656 kWh. Consequently, the amount of energy 
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consumed in this house was 148.32 kWh/m2 per annum and the share per person was 
around 10,787 kWh per capita per annum. However, with the new electricity tariff, the 
annual electricity bill could reach 20,124.57 SAR (£3,659) per annum. 
The total operational cost of the cooling system for the nine cooled rooms in this house, 
including the cost of the electricity bill and the cost of the AC system maintenance, 
which is 2700 SAR (£490.9) for a single maintenance visit, was around 16,628.2 SAR 
(£3,023.3) per annum. However, with the new electricity tariff, the annual operational 
cost could reach up to 24,175 SAR (£4,395), without the cost of replacement of any 
faulty parts during maintenance.  
 Dwelling #15 
This two storey detached house was located in Qurtoba neighbourhood, ~2900m away 
from the seashore to the east. The size of the house was 450m2, oriented towards the 
west and it was constructed in the eighties. Figure 6.56 shows the design layout of the 
dwelling, which was built of 20cm hollow concrete blocks and coated with cement and 
white and grey coloured plaster on all elevations. It was built without roof or wall 
insulation and with single glazed windows and with a huge window to wall ratio of 
48.65%. The type of mechanical ventilation operated in the house was AC window units 
and split unit AC. The AC units were regularly maintained, as it became faulty very 
often, as well as cleaning it when necessary. 
The family who lived in the house consisted of five adults, one child and a housemaid. 
This family was classified within the mid-income household group in this study, with 
annual income between 110 to 220 thousand SAR (£20-40 thousand). The subjects 
involved in the study were the house owner and his wife. They were in their sixties and 
both overweight. As the husband worked as an accountant at a retail company, he spent 
most of the day at work while his wife was in the house. They both preferred to spend 
most of their time at home in the living room, as it was big enough for all the occupants 
to watch TV. However, the occupants were both strongly dissatisfied with the design of 
the apartment as well as the thermal conditions experienced in their home. 
The indoor physical measurements were collected from the east facing living room and 
the west and north facing bedroom. It is clear from Figure 6.57 that the thermal 
performance in the house fluctuated dramatically around an average indoor temperature 
of over 30ºC during most of the day. Figure 6.58 shows in detail how the indoor 
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environment of the house behaved in relation to the outside climate. It is apparent that 
the dwelling was poorly insulated and built with highly conductive materials. It is also 
evident that the occupants operated the AC in rooms only when these were occupied. It 
is clear that the temperature of the living room was warmer than that of the bedroom. 
Moreover, the temperature in the lounge seemed to be constantly unsettled, fluctuating 
in the range of 29ºC to 34ºC. Despite this range of temperatures, on one unique night, 
when the maximum outdoor temperature on the previous day was 39ºC, the living room 
temperature was as low as 25ºC. The internal bedroom temperature in the afternoon 
jumped once the solar radiation hit the west wall. After sunset the temperature then 
gradually fell until midday. The humidity in both rooms fluctuated between 50% and 
70% relative humidity and the lounge appeared to be more humid than the bedroom, 
which might be because it was close to the kitchen and open to all other parts of the 
house.  
 
Figure 6.56 The design layout of dwelling #15 
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Figure 6.57 The performance of the average indoor temperature of the bedroom and the living 
room of dwelling #15 in the hot season within a 24 hour time series. 
 
Figure 6.58 Plot of physical measurements of bedroom and living room of dwelling #15 along 
with outdoor conditions during the study period in the hot season 
 
Figure 6.59 Scatter by gender and place of ASHRAE sensation votes in a multiple time series 
with annotation of indoor temperature in dwelling #15 during the hot season 
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Figure 6.59 shows the occupants’ thermal perception in relation to the indoor 
temperature according to the ASHRAE sensation scale. It is obvious that the occupants 
were extremely dissatisfied with the indoor climate as they only responded on the warm 
side of the scale. The occupants only responded four and five times for neutral and 
slightly warm respectively, whereas the rest of thirty-two responses were warm and hot, 
concurrent with temperatures of over 30ºC. Moreover, the occupants continually 
indicated that they preferred to have much cooler conditions in both rooms because the 
indoor temperature was unacceptably warm nearly all the time. Interestingly, only 
around 4% of the occupants’ responses indicated that they opened the windows while 
58% of their total responses indicated that they opened the internal door into uncooled 
indoor space during the hot season. This behaviour must indeed account for the fact that 
the indoor temperatures were at some points less comfortable than the outdoor 
conditions. However, the occupants stated that they would pay more money to cool the 
house and get satisfied. 
Figure 6.60 Illustration of an example of the energy consumption of dwelling #15 along with 
the cost of the electricity bill 
Regarding the amount of the electrical consumption, the householder stated that they 
operated the AC from May and until the end of October over the day and night-time. 
Figure 6.60 shows that the energy bill during August 2013 was 1,317 SAR (£239.5) for 
a total of 9,920 kW/h electricity consumption while the annual energy bill in 2013 was 
8,375 SAR (£1522.7) for 76,640 kWh electricity consumption. This means the annual 
electricity bill could reach 13,398.7 SAR (£2,436) per annum due to the new electricity 
tariff. Overall, the cost of energy in this house is 206.48 kWh/m2 per annum and the 
share per person is ~10,948.6 kWh per capita per annum.  
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Additionally, the operational cost of the cooling system for the seven cooled rooms in 
this house, including the cost of the electricity bill and the cost of the AC system 
maintenance (2,100 SAR (£381.85) for a single maintenance visit) was around 11,524 
SAR (£2,095) per annum. However, with the new electricity tariff, the annual 
operational cost could reach up to 16,549 SAR (£3,009), excluding the cost of 
replacement of any faulty parts during maintenance. 
 Cluster C: Conclusions 
Although these three dwellings varied in terms of orientation and size, they had common 
characteristics. They were all uninsulated, had erratic indoor climates, and consumed 
more than 140kWh/m2 per annum. Flat #8, for example, consumed about 142.13Wh/m2 
per annum, even though it appeared to be reasonably well-oriented. It is thus clear that 
the design of the flat and the construction materials of the apartment were poor. The 
position of the apartment on the top floor increased its exposure to heat ingress and the 
bad quality of the mechanical ventilation provision in the dwelling must also have 
influenced the indoor climate and increased energy consumption. Furthermore, house 
#11 consumes an enormous amount of electricity of 148.32kWh/m2 per annum just to 
achieve a mean indoor temperature of 28.6°C. This amount of energy consumption 
achieves only warm indoor conditions, as a consequence of the orientation of the house, 
bad design of the living room as well as its inefficient mechanical ventilation system. 
Moreover, house #15 appears to perform even worse: with a mean indoor temperature 
of 31.5°C, it consumes a massive amount of electricity of 206.48kWh/m2 per annum. 
This example is the most unsatisfactory of all the homes in the study, suffering from 
poor indoor climates, with orientation to the west, no insulation and an inefficient 
mechanical ventilation system. These factors undoubtedly influence the dissatisfaction 
of the occupants expressed in their ASHRAE scale votes, with a mean of 1.8, warm, on 
the scale. 
 Summary 
The main points that can be drawn from this chapter were that the people whose costs 
were less per m2 were those who fairly often feel neutral and slightly cool in the 
sensation scale and conversely those who paid more for their energy reported in fact 
being less comfortable. Moreover, the type of insulation and surface finish coating on 
the property creating the dwellings envelope has a clear influence on energy demand 
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and consequently the costs of bills. In some cases, furthermore, a good quality of AC 
system, with regular maintenance, reduces the likelihood of higher energy demand. Last 
but not least, both the orientation, as well as the window to wall ratio of each dwelling, 
have an enormous impact on the thermal experience within the dwellings and therefore 
influence on the energy demands for cooling. Therefore, in the next chapter the 
substantial design and adaptive opportunities available in these dwellings that, in turn, 
affect the thermal conditions experienced, as well as the energy consumed in each 
household, are discussed. The criteria for the well and badly performing homes will be 
defined, based on the energy consumed in each case per square metre, kWh/m2, allowing 
for the rating of the properties into low and high energy consumption examples. 
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 DISCUSSION 
"The whole is greater than the sum of the parts" 
Kurt Koffka 
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 Introduction  
The results of the present study found that the comfort temperatures reported by 
Dammam’s residents in their own homes ranged between 19.2°C and 35.8°C which 
support the use of adaptive thermal methods in this study. Around 70% of subjects were 
likely to be comfortable at a neutral temperature of 25.8°C. The study indicated that at 
this temperature all subjects would be comfortable, reporting "neutral" on the ASHRAE 
sensation scale and "no change" on the preference scale. However, Dammam’s outdoor 
air temperatures range between 26°C and 47°C, presenting at times real challenges, both 
for housing designers and occupants, to provide indoor thermal comfort with a number 
of different strategies to hand, including building design, mechanical systems and 
behaviours, all of which were investigated in this study. In this chapter, the results of 
those investigations in the previous chapters are discussed and related back to the 
following objectives of this thesis, as defined in chapter 4.  
1. What opportunities exist to improve comfort in the occupied dwellings in 
Dammam while not increasing energy use?  
2. How do we make sense of the lessons learnt from the studied dwellings in order 
to give efficient and user-friendly guidance to design new homes in the region?  
Historically, low energy prices in Saudi Arabia encouraged users not to restrict their use 
of energy on the grounds of costs. The combination of a lack of awareness of the 
environmental impacts of energy use and the many social pressures to pursue an energy-
intensive lifestyle mean that energy demand is extremely high in the region. Therefore, 
when asked the occupants about their electricity bills, and more than the half of the 
participants replied that they often have high bills during summertime that ranged 
between £90 to over £200 per month taking the fact that the cost of a kWh of electricity 
delivered to the householder is ranging from only a penny to 29p for the highest 
consumer. However, in December 2015, the prices of domestic energy were increased 
overnight by 60% for those high-end consumers who paid more than £600 per annum 
for their energy bills. Thus, the cost of occupying low-performance dwellings is soaring 
for many, making this a good time to introduce guidelines to implement a step-change 
in the design and refurbishment of homes in Dammam for improved thermal 
performance.  
The information gathered in the preceding chapters has demonstrated that achieving 
thermal comfort in Dammam’s existing dwellings with the least possible energy 
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consumption is a complex, if not “wicked”, problem. In order to provide robust and 
useful guidance on how to improve performance, it is necessary not only to describe the 
opportunities available but to also evaluate the effectiveness of those opportunities in 
practice. The following discussions explore the strengths and weaknesses of the 
physical, behavioural and attitudinal opportunities identified in the homes in the study 
and the efficacy of each one. The conclusions from those discussions cover lessons 
learnt from the studied dwellings in relation to design for affordable comfort, which may 
be applied retroactively to existing homes as well as to the design of new buildings.  
 Dwelling’s design opportunities 
One of the most effective strategies for reducing domestic energy consumption is to 
optimally design the building envelope to reduce over-heating in the home, which leads 
to excessive energy consumption for cooling. A high-performance dwelling envelope 
can increase the occupants’ comfort and well-being. The building envelope is a major 
factor in determining how much energy will be needed for cooling and lighting the 
dwelling. Designing a dwelling with non-integrated characteristics, when the design 
elements are not linked with each other as one project (like in dwellings 3, 4, 5, 7, 10, 
12, 14, 16 and 17), clearly leads to sub-optimal results. While individual design 
characteristics can have a significant effect on energy, achieving both comfort and low 
consumption often requires ’whole system thinking’, as it is the sum of many different 
building and behavioural attributes which contribute to an indoor thermal environment 
and the cost of maintaining it. The individual attributes listed here are discussed below 
individually and as clusters in the case study houses: 
1. Optimum orientation 
2. Adequate internal space arrangement  
3. Appropriate allocation and sizing of fenestration  
4. Appropriate daylighting and shading  
5. Ideal cooling and ventilation strategies  
6. Efficient energy construction. 
 Orientation 
It is noted that there is not even a mention of designing with the proper orientation in 
the Saudi architectural design criteria and buildings code (SBCNC, 2007). The findings 
of this research therefore indicate the need for a major overhaul of the Saudi construction 
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standards and building codes to take into account the basic issues of optimal energy 
performance and also the comfort in dwellings. In the extremely hot climate of the 
Dammam region (location: 26° 19’ N, 50° 08’ E), the northern orientation of windows 
typically results in cooler indoor conditions, due to minimisation of incoming incident 
solar radiation from that direction. An easterly orientation can also result in cooler 
temperatures indoors, as solar gain through the building coincides with cooler outdoor 
temperatures. Southerly and mainly westerly facing windows allow heating gain from 
the mid-afternoon, evening and setting sun, at a time of day that coincides with the 
hottest external temperatures, consequently causing overheating of adjacent rooms in 
dwellings to build up gradually from noon onwards, making the west typically the most 
uncomfortable orientation in Dammam’s homes.  
Most of the dwellings in this study appear to have been oriented with little or no 
consideration of orientation or attention to the wind direction, solar radiation or the 
thermal context of the local micro-climate. Consequently, a range of more or less 
unpleasant environments have been created inside these homes. The implementation of 
inadequate orientation of these dwellings is necessarily also a result of how the local 
planners originally oriented the streets they are located in, paying little heed to the local 
climatic design conditions and the impact of their own planning choices on comfort in 
the resulting homes. Mosques are recognised as one of the fundamental planning 
features within Islamic cities, and as mosques should be oriented to Makkah for prayer 
direction, planners have oriented most streets towards the direction of Makkah (in the 
case of Dammam, West-Southwest 245° from the north) in order to ease the Qiblah 
direction for people. In most neighbourhoods, the Mosque's orientation towards Makkah 
affected the orientation of the surrounding streets, because, on the whole, dwellings in 
this region take the same direction as the streets. In the dwellings in this study, six out 
of the nine available homes’ plans, are oriented with the longer façade facing Makkah, 
which means they are likely to have inferior conditions, as this extends its exposure to 
the harshness of the western sun. 
It is clear from the seventeen dwellings investigated in this study that the orientation of 
the dwelling plays a massive part of the dwelling’s energy consumption. Not 
surprisingly, two of the highest performing dwellings in this study are oriented with 
their longer façade facing the northeast, with around 90 kWh/m2 energy consumption 
per annum. However, six out of the seven most energy-intensive dwellings in this study 
are improperly oriented, with the annual consumption of these homes ranging from 118 
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kWh/m2 to a maximum of 206 kWh/m2 per annum. 
Proper orientation demonstrably enhances a dwelling’s indoor climate: for well-
performing dwellings’, as in numbers nine, the orientation of the longer façade of the 
dwelling has a tremendous impact on the mean indoor temperatures, and the average 
daily temperatures of this dwelling was below the comfort temperature. All dwellings 
that were properly oriented with their bedroom windows facing between north and east 
had average daily temperatures of less than 25°C, apart from house number six, where 
the preference of the occupant was to occupy warmer conditions. On the other hand, 
when a dwelling was improperly oriented, with its bedroom windows facing west, as in 
cases thirteen and fifteen, the indoor temperatures exceeded the comfort temperature by 
at least 3K. In the cases where the west side of the bedroom was blocked by a solid wall 
and its windows opened to the south, as in dwellings eight and twelve, the average daily 
temperatures in those bedrooms were 24°C and 22°C respectively. 
Furthermore, nearly of all the occupants who were living in well-oriented homes 
reported being very satisfied with the overall thermal environment. Conversely, the level 
of satisfaction with thermal conditions for those occupants who lived in poorly-oriented 
dwellings was slightly lower, unless other major factors and influences masked the 
weakness of the dwelling’s orientation. 
From this study it was found that the best solar orientation was achieved when the longer 
dimensions of the dwellings faced north and south, as these two elevations receive the 
least direct solar radiation. East and west elevations receive almost the same amount of 
sunlight, but in the afternoon air temperatures reach their highest peak and the heat load 
increases greatly. Therefore, it is important to choose the dwelling’s location within the 
street carefully, with the longer façade oriented to the north/south and fewer openings 
on the other façades.  
 Internal space arrangement 
The design of the dwelling’s envelope is directly connected to the internal layout and 
room arrangements that fundamentally affect the heat distribution within the spaces in 
the home. Internal space planning responds to both the climate and the local site 
conditions, where space buffering, or its lack, is generally seen as a factor strongly 
related to increasing or reducing heat gain through the envelope. As a consequence of 
the absence of space buffering, it appears that this decreases the degree of comfort and 
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perhaps extends the operation of the cooling load, which increases the operational costs. 
As the western façade is likely to receive maximum radiation at the hottest time of day, 
all spaces adjoining this façade will experience the maximum heat gain. It is apparent 
from case number six, as an example of a semi-open plan ground floor, that the heat 
gained from the western façade fundamentally affects the interior temperatures, as the 
heart of the home was never below 31°C. Therefore, it is recommended to design the 
internal layout of the dwelling in such a way that most of the regularly occupied spaces 
are placed along the northern or southern façades and away from the western façades. 
The less occupied spaces, such as storage and service areas like toilets, staircases and 
so on, should be used as buffer spaces and allocated along critical orientations lying 
west, east, south-west and southeast.  
In this study, the deliberate use of thermal buffering spaces was found to be limited and, 
in fact, in some cases misused. Dwelling number thirteen, for example, has a massive 
entrance into the guest area that also works as a buffer space oriented to the north, with 
the main bedroom lying to the west, with a mean internal temperature in the evening in 
this room above 30°C. In case number eight, where the hardly used guest area is also 
lying to the north, the living room directly opens on to the western entrance hall, and 
consequently, the internal temperature here was always higher than 28°C. 
On the other hand, apartment number nine uses the buffer space adequately, with a 
reasonable internal layout. The closed hall space in the outdoor entrance buffers the 
guest room and the living room, and the location of the least used guest room is to the 
south, leaving all the main bedrooms to the north, which has worked perfectly. Placing 
the lounge in the middle of this apartment reduced discomfort, as it limited the heat gain 
to the most used room. However, this arrangement did limit, to some extent, the use of 
natural light and ventilation in this living area; however, they could, to some extent, 
compensate for this by opening the eastern window in the kitchen. Another good 
example is in the living room of case number twelve, which benefits from the bedrooms 
buffering it, leaving the mean temperature continually stable at around 25°C. Similarly, 
in case number eight, the bedroom takes advantage from the living room position as a 
buffer zone, and the temperature in it was always 4K less than in the living room. 
It is also important to buffer the roof membrane against the harsh effect of the direct 
sun. A well-ventilated roof space and the inclusion of non-habitable spaces in the attic 
plays a critical role in some dwellings in passively cooling rooms by providing a thermal 
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buffer zone between internal and external spaces. In dwellings six, nine and five, for 
example, the owners pointed out ‘that the dwelling’s ceiling is entirely covered by 
suspended ceiling concealing the ducts, piping and HVAC system’. The use of a 
suspended ceiling allows the hot air to flow to the upper buffer zone between the ceiling 
and roof, which reduces the temperature differential across the ceiling insulation. 
Conversely, in cases three, eight, eleven, thirteen and fifteen, where the dwellings do 
not have roof insulation or suspended ceilings, rooms are exposed to the harshness of 
the direct sun from the top. Accordingly, the indoor conditions, as well as the cooling 
energy demand, became a misfortune. Therefore, it is important that rooms benefit from 
the use of such a roof buffer, not only to protect against the ingress of incoming 
radiation, but also to form a trap for the hot air rising from the room below.  
A closer study of the design and room arrangements shows that there are a lot of wasted 
areas in most homes. It is clear that people have little understanding of the thermal and 
energy implications of room location and zoning. People lend more weight to the value 
of privacy and ‘making a show’ in front of their guests, rather than valuing their own 
comfort, wellbeing and energy economy in their own homes. In most of the dwellings 
in the current study, the majlis, or guest reception room, was hardly used throughout the 
year, but its size and location significantly affected the internal layout and orientation 
of the rooms in the home, being treated as a priority to be displayed prominently to 
guests. During the informal interview with an occupant of dwelling number nine, he 
said: “if I had the opportunity to redesign this flat, I would rather have a bigger living 
room instead of a huge, rarely used, guest room”. In house number six, half of the 
ground floor is taken up by the guest reception, and occupants there stated that “it is 
barely used once quarterly, and we regularly invite our family guests in the living rooms 
as the cooling system needs more time to cool the majlis”. In dwellings number eight 
and thirteen, the guest sections take up the best location in the houses, oriented to the 
north, and bedrooms were then oriented to the west and south, significantly increasing 
energy needed for the cooling load of the lifestyles of those in the occupied rooms of 
the dwelling. When questioned about the poor thermal design of the rooms and the 
opportunities available to rearrange functions within the house, the occupants displayed 
no inclination to make the changes, as ‘they got used to it’. Therefore, prioritisation of 
the need to afford comfort for occupants themselves is a significant issue in the design 
of homes and needs more investigation and more education of new home-owners.  
The above section indicates that a carefully differentiated spatial design should respond 
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dependently to the microclimate within the home at each given site, which may 
contribute to the improvements in the comfort experienced and reductions in energy 
costs for occupants. This evidence shows the benefits of providing indoor living spaces 
that are screened, shaded and protected from outdoor heat. It also appears to be 
preferable to locate non-habitable rooms like toilets, stores and staircases on the east or 
west end of the home, so that they can act as a thermal barrier, which can have a 
significant influence on the indoor conditions and energy performance. Moreover, it 
seems to be necessary to locate living areas correctly in a thermally protected zone and 
situate bedrooms in sleeping comfort zones that, again, are highly insulated, shaded and 
well-sealed from the ingress of hot external air. This may be seasonably adjusted to take 
advantage of cooler summer places as well as warmer winter rooms. Using the roof 
ceiling void, furthermore, to create a buffer zone to contain and store rising heat from 
below and incoming heat from above appears also to be effective in improving indoor 
comfort and cooling demand. What is clear is that there is a common balance of choices 
being made in the homes as to whether they should be carefully designed in terms of 
their spatial planning for comfort and wellbeing or for their social impact on visitors, 
and the latter typically wins, in the end. 
 Allocation and size of fenestrations 
In considering the orientation of the dwelling, the issue with most climatic impact is the 
orientation of the glazed openings. Traditionally, in many hot regions, openings in the 
external walls of buildings used to be limited in number and small in size, to reduce the 
impact of the extremely hot climate on indoor spaces. However, most of contemporary 
dwellings in the Dammam region seem to be designed with large window openings and 
with relatively little attention given to the local climate. Thus, without the use of 
mechanical cooling, an unpleasant internal environment is created with both direct and 
re-reflected solar incidence coming in through walls and windows.  
Fenestrations should be carefully designed into dwelling facades to reduce the heat gain 
into the homes. It is always recommended to provide maximum openings along the 
northern façade and avoid openings on the eastern and western façades, to allow 
maximum daylight and minimum solar radiation to enter the dwelling. It appears, to 
some extent, in this study that the designers of most of the studied dwellings have paid 
little attention to the orientation of the openings in the design of these homes. In fact, in 
some cases, a window was placed in every possible wall inside the rooms, which may 
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prove to be completely unnecessary. The bedroom’s west window in both dwellings 
number thirteen and fifteen, for example, could have been just omitted to reduce the 
heat gain in these rooms. Moreover, in case number eight, where around a half of the 
façades incorporate single-glazed windows, the south-easterly oriented bedroom has 
two large windows, and consequently, the occupants are likely to operate the AC all the 
time, just to keep the temperature of the room tolerable. A good example of reducing 
the heat gain from the western side is seen in dwelling number twelve, where even 
though the bedroom has two windows to the east and the south, the temperature never 
exceeds 24°C, which may have enhanced the experience of thermal comfort reported by 
the occupants. 
Windows typically have a higher conductance coefficient than the rest of the building 
envelope. Therefore, dwellings with a high glazing ratio have greater heat gain, 
compared to similar homes with a lower glazing ratio. Solar gain through large windows 
in summer can elevate a dwelling’s indoor temperature well above the outdoor day or 
night temperature levels and thus cause intolerable conditions indoors and significant 
thermal stress, consequently increasing the building's cooling load to compensate for 
this poor design. In house number fifteen, for example, where the glazing ratio is around 
half of the façades, the indoor temperature is commonly higher than the outdoor 
temperature. There appears in this study to be a clear relationship between the amount 
of the window opening to wall ratio and energy consumption. The larger the window 
area is in the façade, the more intense the energy demand for cooling is in the dwellings. 
For instance, as the size of windows in homes one, five, six and nine is very reasonable, 
the consumption 90 -108 kWh/m2 per annum, being the lowest average consumption of 
all the studied homes, whereas in dwellings three, eight and fifteen, where the ratio of 
window to façade wall area ranges between 31% to 49%, the energy consumption ranges 
between 125 and 206 kWh/m2 per annum. Therefore, as one intuitively suspects, the 
homes with smaller areas of fenestration that are also well-oriented, provide much better 
protection against heat gain during the day. 
The types of windows also have an impact on energy savings. Double glazing with low 
emissivity coatings or insulation appears to make a real difference. In the studied homes, 
the top four high-performance homes, as well as the seventh, were the only double-
glazed dwellings in the study, whereas all other dwellings have single-glazed windows. 
In conclusion, it is clear to see that fewer, smaller, well-oriented and double glazed 
windows do all play a significant role in the thermal and energy performance of the 
Chapter seven: Discussion 
 
161 
dwelling. 
 Daylight and shading 
It has commonly been assumed that daylight as a natural source of light can be used for 
the satisfactory illumination of rooms during the day. However, due to the adverse hot 
conditions from the intense internal heat and intolerable visual glare experienced in 
countries with a very hot climate like that in Saudi Arabia, not only does daylight have 
to be well managed when being introduced through fixed openings into the home, but 
adaptable shading used at different times of day and year is also important for thermal 
and visual comfort. Good façade design, fenestration and shading can considerably 
address the problem of glare and reduce the impact of high insolation, as well as being 
used to protect the visual privacy of occupants. Shading devices that are attached to 
external fenestration need to be optimised for their solar angle, so that the shading device 
can keep the summer direct sunlight out when required and allow the winter sunshine to 
enter the dwelling. However, as the western and eastern walls of a dwelling are difficult 
to shade at periods when the sun is at a lower angle, a vertical screen or shading methods 
would work best. 
However, the current study found that occupants in the case study homes do not use 
external fenestration shading at all and rely solely on internal blinds and curtains to just 
screen the internal glare. One of the homes’ occupants, in fact, has completely blocked 
the façade’s windows with rolling aluminium shutters, to obstruct any contact with the 
outside. The occupant of dwelling number sixteen claimed that the reason behind the 
blocking is to reduce the amount of glare, as well as to prevent neighbours watching. 
Practically, there are various types of fixed façade-shading strategies that could be 
integrated into the dwellings’ design instead of full blocking. These strategies include 
roof, wall, and window pergolas, false walls and screens, as well as Mashrabiah, a local 
tradition that used a ventilated timber structure superimposed over the external surface 
window to provide adequate shade, illumination, breeze and privacy.  
Although not used in most of the case study homes, trees to the eastern and western 
sides of the house could create a cooler environment around the dwelling as an 
alternative shading strategy for the home. Although all homes in Saudi Arabia are 
surrounded by set-back spaces behind walls, creating front, side, and rear yards, which 
in some cases can be entertaining spaces, it appears that people do not have an interest 
in planting vegetation around their dwellings to provide shade. This may also be a 
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reflection of concern about water shortages; however, plenty of grey water must be 
produced from showers etc., so new approaches to planting and shading may enhance 
the opportunities for new water recycling products in the local market. Nonetheless, 
with the hot climate of Dammam, people claim that it is always impossible and 
expensive to maintain gardens, and that they prove not to be usable for most of the year.  
Some comments were made during the informal interviews conducted with dwelling 
occupants. One reason given for the residents not planting vegetation or using the yards 
is the small width of the yard (in most cases 2 metres wide on the four sides of the 
dwelling) which made them unsuitable for any activities except as semi-private 
walkways or storage areas. Some residents used the setback spaces for a further building 
extension, for example, to provide additional storage or an outdoor dirty kitchen, as was 
the case in dwelling number five. Another resident claimed a convincing reason that 
these setbacks provide an unpleasant environment is that “the surrounding area is not 
big enough to plant and unsuitable for any habitable purpose, not to mention the lack 
of protection against the intense heat and harsh climates like dust and sandstorms”. 
However, being in such an unpleasant environment should not prevent people from 
planting, as planting itself may make it much more pleasant. Taking the fact that the 
nature of most of the eastern province lands is saline moor soil, where agriculture is 
considered to be difficult, it is obviously necessary to find suitable planting solutions 
for the region. The occupant of dwelling number five had experience of planting the 
surrounding yards and said “we planted 20m2 of the front yard at a first stage. However, 
after a while we realised that it consumes too much money and effort as well as lots of 
water, not to mention the need for treatments against the harsh weather and insects. 
Therefore, we have decided to replace all plants with floor tiles”. The occupant of 
dwelling number six, in contrast, was very pleased with the planting and pergola he had 
completed in his house’s yard and was very satisfied with the resulting outside 
environment. He said: “we imported a particular type of soil from the nearby region 
and selected the plants very carefully as we want the environment to be clean and 
comfortable for my family whatever it cost us.” Therefore, with the right kind of soil 
and plants, and perhaps more importantly, with a sustainability-oriented user attitude, it 
is possible to grow plants properly for adequate passive shading of façades.  
It is clear from this section that shading plays a significant role in the indoor temperature 
as well as the energy performance. It is important to permanently shade all walls and 
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windows to exclude heat gain from accessing the home. Considering shading the whole 
dwelling, moreover, it may also be very useful to shade the outdoor areas around the 
home with shade structures and /or with planting, to lower the ground temperature, and 
hence, the temperature of the incoming air. 
 Cooling and ventilation strategies 
Mechanical cooling for human comfort indoors is now considered essential in almost 
all of Saudi Arabia due to its extremely hot climate. Many people now totally insulate 
themselves from the climate in air-conditioned homes, instead of adjusting to local 
climatic conditions at any or all times of the year. It is very evident that the design of 
contemporary homes is increasingly predicated on relying on air-conditioning in 
controlling and regulating the indoor climate over the year. Nevertheless, efficient 
cooling and ventilation strategies in dwellings should engage a variety of cooling 
options (including air conditioning) in the most efficient and effective way. The 
dwelling’s design, therefore, should take maximum advantage of passive cooling, when 
available, and make effective use of mechanical cooling systems, largely when most 
necessary, during extreme periods. 
Although an efficient AC system is very expensive to install, operate and maintain, it 
appears in the current study that the AC system’s level of inefficiency is generally 
assumed to play a role in the increment or reduction of cooling load and in return its 
energy cost. House number thirteen, for example, with the highest home energy 
consumption per square metre, paid an enormous amount, in Saudi terms, for its energy 
bill of £3.85/m2 per annum. The occupants stated that they also spent an excessive 
amount of money maintaining the AC equipment, due to the fact of it being an inefficient 
type of AC system, set also in a poor house design. However, in dwelling number three, 
also a poor house design with roughly the same other contributors, the energy bill cost 
£2.10/m2 per annum, as a result of a reasonably efficient AC system. Accordingly, it is 
likely that the cheaper energy cost is a result of an efficient AC system in a more highly-
performing home. In dwellings number nine and one, the energy costs, for example, are 
£1.14/m2 and £1.10/m2 per annum, respectively. Taking into account the fact that these 
dwellings have among the top performance envelopes, these particular two homes also 
have efficient cooling systems that are regularly maintained with a maintenance 
contract. 
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Refrigerated air conditioning lowers both air temperature and humidity to a certain pre-
selected level that provides thermal comfort during periods of high temperature and 
humidity. It is apparent that the US engineers had identified the 55% relative humidity 
as an optimal level of indoor relative humidity, even though this assumption was based 
ostensibly on little scientific evidence, especially for extreme hot humid climates (Huh 
and Brandemuehl, 2008). Consequently, to strive to deliver air at this locally low 
humidity at this optimum level, can be achieved only with an enormous amount of 
energy expenditure. As people do not like the feeling of sweat / moisture on their skin 
they might report humidity as being one of the leading causes of discomfort in hot 
climates. In this study, the indoor relative humidity experienced in the studied dwellings 
ranging between 23% to 96% relative humidity in both seasons, and the occupants did 
not report significant levels of resulting discomfort. In future studies it may be preferable 
to investigate more about the feeling of dampness or skin wetness and levels of air 
movement rather than asking occupants about their perception of humidity levels in an 
occupied room. It was also found that the majority of people felt comfortable at a higher 
rate of relative humidity than that which is assumed by the HVAC industry, with 
occupants reporting no humidity discomfort at levels above 55% Relative Humidity. 
Thus, it is essential to review the relevance of mechanical system specifications, mainly 
regarding the specified requirements for dehumidification of water vapour in the air in 
relation to what is actually reported as acceptable for the locally adapted population. 
More research is clearly needed concerning the relationship between temperature, 
humidity and comfort for the Gulf population and its impact on related standards 
adopted for regions with extreme climates such as the Gulf.  
Since the indoor humidity in Dammam’s dwellings reaches such high levels, combined 
with the high temperatures, the body’s physiological might increase the ability to lose 
heat by evaporating perspiration. Sleeping discomfort is a significant issue, especially 
when the night temperatures remain above those required for human comfort. Running 
the AC system in a closed room for about an hour at bedtime often lowers the 
temperature as well as the humidity levels to the point where air movement from ceiling 
fans can provide sufficient evaporative cooling to achieve and maintain sleeping 
comfort. Standard ceiling fans can create a comfortable environment when temperature 
and relative humidity levels are within acceptable ranges. In house number six, for 
instance, the occupants were shutting down the air-conditioners for around 20 to 45 
minutes every two hours in the day time, even when the indoor temperatures exceeded 
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29°C, and operating the ceiling fan. This house was subsequently able to achieve the 
highest performance and least energy demand per square metre among the studied 
homes. Furthermore, the operation of fans reduces the number of months of operating 
the AC system at night, when the outdoor temperature is tolerable with adequate air 
movement.  
As air conditioning is commonly used to create comfortable conditions, the number of 
operating hours required to achieve thermal comfort can be substantially reduced by 
careful design of homes. It has been found that the air-conditioning in a poorly-designed 
dwelling (cases eight, eleven, thirteen and fifteen) with an inefficient AC system 
remains in operation for around nine months through the year, three more months of 
operating the air-conditioning than in well-designed dwellings with a good AC system. 
On spring and autumn nights, when the night outside temperatures are tolerable, fans 
can be more efficient than air conditioning for night-time sleeping comfort. In houses 
with ceiling fans, as in numbers six, nine and twelve, the operation of the AC system is 
limited to six months in the year, whereas in the other cases without ceiling fans, which 
are perceived as old-fashioned, it extends to nine months. Therefore, it is favourable to 
install fans in bedrooms and all living areas, which would significantly reduce the use 
of the cooling systems.  
There is some evidence in this section that the efficiency of the cooling system may 
affect the amount of energy in the cooling load. It is thus essential to install an 
adequately efficient AC system in dwellings, related to the level of energy efficiency 
sought in individual high-performance homes. Bearing in mind that it is also necessary 
to combine different techniques of ventilation (stack, as used when dumping heat behind 
a suspended ceiling or cross-ventilation for cooling of occupants), the installation of 
fans is also recommended to reduce the operating period for the AC in certain months. 
The results of this study emphasise the importance of the installation of fans as a comfort 
tool in occupied rooms. The use of fans as an adaptive approach can create a comfortable 
environment when temperature and relative humidity levels are within the acceptable 
ranges and consequently would reduce cooling energy consumption in those rooms. 
Therefore, identifying the months and times of a day through the use of control systems 
to operate mechanical cooling within the warmest thermostat settings that still achieve 
comfort, while using fans for as long as possible at other times, could substantially 
reduce the cooling loads and energy bills. 
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 Energy efficient construction 
When considering the dwelling’s envelope, it is important to consider the construction 
method as well as the materials used in the dwelling. Contemporary construction of 
residential buildings throughout Saudi Arabia can be classified typically as reinforced 
concrete systems. Various types of concrete products are employed in the construction 
of dwellings, including concrete blocks, floor tiles and precast concrete. Walls are 
mostly constructed with concrete brick of 20 to 25 cm thickness, with very high 
conductivity and insufficient thermal resistance. The wall structures need to be of a 
heavy material of large thermal capacity that provides long time-lag characteristics to 
keep interiors cool during the daytime. Insulating the mass externally, moreover, may 
help to achieve this, but is seldom done in the region. It appears that Dammam’s 
dwellings have a variance of exterior wall thickness which, consequently, affects the 
resistance to heat transfer across walls and significantly affects the thermal performance 
of dwellings. Almost all well-performing homes were found to have an external wall 
thickness of 30cm including the insulations, whereas nearly all badly-performing homes 
have an external wall thickness of 25cm or less, including the insulation, if available. 
Furthermore, the thermal conductivities of the bricks and concrete blocks as 
construction materials used in the structure of the studied homes were very high. 
Therefore, better insulation in the dwellings’ walls is clearly required. 
Considering the fact that energy efficient dwellings should respond to the climate as 
well as site conditions, constructing in such an extreme climate should be thermally 
earth-coupled to the more stable ground temperatures, and yet still able to release the 
internal heat gained during hot days, typically by opening windows. However, most of 
the studied Dammam homes seemed to be constructed without benefiting from the 
available passive summer cooling, so they act as a hot bridge rather than a coolth store. 
It is evident that most of the studied homes clients/builders bear little consideration to 
the construction materials using concrete blocks, as the most popular material in the 
market, which do not adequately meet the basic requirements in such climate.  
Insulating dwellings is critical in such a climate zone, to exclude the harshness of the 
climate and create comfortable homes. Roofs, floors and external walls should be 
insulated to minimise heat gain during the day and maximise heat loss at night. It is 
evident that well-insulated homes help to provide better indoor conditions and 
consequently user satisfaction. However, it appears in this research that dwellings aged 
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fifteen years and older have no insulation, except those with high income owners who 
could build their dwelling to a higher standard. The data reported here appear to support 
the assumption that having no insulation in the dwelling could worsen the situation and 
increase the energy consumption, without getting to the point of a satisfactory internal 
temperature. 
It is also worth noting that, when insulating walls surrounding an air conditioned space 
in a hot and humid climate, the insulation material could be damaged by being saturated 
by the condensation which also increases the risk for excess dust mite populations and 
the concentrations of mould spores. Placing the insulation under the internal 
plasterboard wall, for example, causes the dew-point to form condensation under the 
plasterboard. Dwelling number five, constructed 22 years ago, had suffered from this 
issue before and the affected areas had been renovated with condensation-resistant 
materials. Therefore, the choice of materials and finishes that are resistant to damage 
from condensation is essential. It is almost certain that walls with high thermal mass can 
store ‘coolth’ and have fewer dew-point problems than lightweight insulated walls. 
Moreover, reflective foil insulation is less affected by condensation and is highly suited 
to cooling climate applications, as it reflects unwanted heat out while not re-radiating it 
in.  
 Adaptive opportunities 
The following section reviews a number of the adaptive enhancements that can be made 
to Dammam’s homes to improve their thermal performance, including opening windows 
and dealing with infiltration, cooling and ventilation systems, landscaping and shades, 
and occupant behaviour or lifestyle.  
 Opening windows and infiltration 
As ventilation and infiltration through windows affect heat transfer to and from a 
dwelling, heat transfer by mass transfer effects is caused by a difference between 
outdoor and indoor air temperatures. The density difference between air at outdoor and 
indoor air temperatures generates an upward flow of the lighter air. A heat flow is 
generated due to the airflow produced by ventilation and infiltration and is clearly 
exemplified by the cases undertaken in the cool season where dwellings are in the free-
running mode, see for instance Figure 6.25. 
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In this study, it was found that occupants in all cases have operable windows and were 
able to open windows mainly in the cool season for air circulation during the day/night 
time over the periods between responses. Most of the use of opening windows/doors 
was in the afternoons, and almost all of the adaptations were during the period of relative 
humidity of less than 60%. So people might instinctively feel that if the outdoor air is 
saturated with moisture or not since they go out and walk into the dwelling. People 
therefore appear not to be fully dependent on air-conditioning systems, and to achieve 
adequate ventilation levels people were actively modifying their homes to allow or 
prevent natural ventilation by opening or closing windows. However, an interesting 
result is that all dwellers used the doors as a preferable way of adaptation in their homes 
instead of opening windows which is perhaps due to the preconception of the adversity 
of the outdoor conditions (i.e. high humidity, temperatures and dust storms) making the 
opening of internal doors always a more effective choice. 
Another important practical improvement could be made by minimizing the number of 
windows by blocking the west-facing openings if applicable or any additional windows 
in rooms. It was established in this study that a window was placed in every possible 
wall inside the rooms in cases thirteen and fifteen, and it could be worth considering 
blocking and blinding all unnecessary extra openings in rooms, especially those extra 
windows in the west façade, to reduce the heat gain in these rooms. An example of 
blocking unnecessary windows is perhaps seen in dwelling number five, where the 
studied bedroom and living room used to have three windows, and then the owner 
blinded the middle opening in both rooms and filled them with blocks of cement 
permanently. During the informal interview, the owner of the house said “that helped 
these rooms to keep the internal conditions more stable”. Therefore, there is an 
opportunity for further work looking at how effective blinding of unnecessary windows 
would be to increase comfort and reduce cooling energy consumption for occupants. 
Another enhancement is to replace single-glazed windows with double- or treble- glazed 
windows, which evidence from this study shows might improve the energy performance 
of the dwelling significantly.  
 Cooling and ventilation systems 
It is recommended in the first place to choose highly efficient equipment for cooling 
dwellings, or to upgrade the system when it reaches the end of its life span, refurbishing 
with a more efficient system. In house number thirteen, for example, the occupant stated 
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in the questionnaire that it is expensive to maintain the cooling system and chose not to 
maintain the equipment regularly. However, by extrapolating the fact that he pays very 
high energy bill per square meter and the age of the house age is more than 25 years; it 
is obvious that the cooling system lifespan has been exceeded and needs to be replaced 
in the near future. When asked, the occupant said that “we have had this AC system since 
we bought the house fifteen years ago and we haven’t thought to replace it.” However, 
in house number three, with the same dwelling age and income level and other design 
factors, they stated that the cooling system is not expensive to maintain, which accounts 
for its higher cooling system efficiency. These results support the idea that having an 
efficient AC system that is regularly maintained can reduce energy bills and improve 
internal comfort as well.  
 Landscapes and shades 
The evidence presented in the earlier section suggests that it is important to consider the 
shading of the whole building to exclude solar access. It is important to lower the ground 
temperature, thus planting around the dwelling is fundamental. Moreover, it is important 
to spread the experience of good examples, as in dwelling number six, in order to build 
up knowledge towards optimum solutions. Furthermore, as suitable shading devices are 
recommended, shading the current western, southern and eastern fenestrations of 
dwellings is an ideal solution that could reduce the impact of the external insolation, as 
well as enhance the dwellings’ appearance and indoors’ conditions.  
Although it was found that occupants rely on blinds and curtains to screen the windows, 
the type of curtains or blinds also affects the thermal comfort. It is important, thus, to 
think carefully about how the room is furnished and shaded internally. Each occupied 
room has materials that get warmer, for example, transparent or light curtains could 
aggravate the heat radiation inside the room. As in house number five, the use of heavy 
curtains for summer afternoons and winter nights might be an economical solution that 
can be implemented in bedrooms and consequently enhance the indoor conditions. 
Therefore, the choice of optimal furniture, as well as the type of window shades, affects 
the energy demand for cooling occupied rooms as well as the thermal comfort.  
 Occupant lifestyle 
All above mentioned factors are mostly related to the dwelling’s design and 
technologies, as opposed to behaviour. But since the dwelling is occupied by humans, 
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failure of the human component can lead to failure in the performance of dwellings. 
This makes occupancy behaviour one of the weakest links in the dwelling’s energy 
efficiency and performance. Recently, several studies have confirmed the impact of the 
users’ behaviour on a building’s energy consumption and conservation. Accordingly, it 
is not only important to get the design of the dwelling right, it is the lifestyle of the 
occupants that also matters. Therefore, along with a good design of a dwelling, the 
occupants’ lifestyle should also correspond for an ideal high-performance dwelling.  
In this study, the occupant’s attitude and lifestyle have placed house number six as 
having the least energy consumed per square metre among the studied dwellings. 
Although house number six was constructed with an efficient cooling system, the 
attitude of the occupants was also clearly seen, in their being willing to accept being in 
a fairly warm temperature all the time, as well as operating the ceiling fans instead of 
AC during the acceptable indoor conditions throughout the year. Planting the 
surrounding area of the house and spending money on expensive plants to provide 
pleasant outdoor conditions, moreover, clearly indicate the role of the occupant’s 
attitude in home lifestyle and performance. 
What was surprising, however, was the measured mean ASHRAE scale and overall 
satisfaction reported in the lowest performing dwelling, number thirteen. With mean 
indoor temperature higher by 3K than the comfort temperature found in this study, 
massive energy consumption, and expensive operational cost, the occupants reported -
0.1 in the ASHRAE scale and overall satisfaction with the indoor thermal conditions. 
As there is the possibility of bias in these responses, these data must be interpreted with 
caution, as many factors could lead to unsatisfactory conditions, as in all low 
performance homes in this study. The only possible explanation for this, nevertheless, 
might be related to the occupant’s state of mind that they might have considered the 
internal temperature within a comfort condition and simply succumbed to the inevitable 
situation and adapted themselves to the existing circumstances.  
On the other hand, the occupants of house number six, classified as being within the 
high-income household group in this study, will have an annual electricity bill with the 
new electricity tariff of just 2.5% of their annual income, and this could be less, with 
their conservation lifestyle. However, in house number thirteen, classified as being 
within the mid-income household group in this study, the residents will have to pay 
around 8% of their annual income for the new electricity tariff, which may be another 
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expense for this family. It is likely, that this might then force them to take on loans, 
which might be the straw that broke the camel's back. 
 Summary 
The main points that have emerged from the discussion in this chapter are: 
1. In most cases a high performance envelope results in lower energy running costs. 
2. A high performance dwelling envelope typically increases comfort levels in 
individual dwellings and well-being, and vice versa, although there are exceptions 
to this finding. 
3. The performance of the dwelling is closely related to its location and, 
consequently, its orientation. 
4. Good orientation has a strong positive impact on the dwelling’s indoor thermal 
condition and vice versa. 
5. Buffering of living areas from the worst extremes of this often very hot climate 
has been shown to improve comfort levels experienced in the homes.  
6.  In some cases, the occupants’ comfort was compromised by the desire to provide 
impressive guest facilities in homes. Prioritisation of the need for, and value of, 
affordable comfort for occupants at the design stage is critical.  
7. The smaller, the fewer and the better the orientation of windows, proved to be 
critical factors in the protection of homes against heat gain during the day and, in 
turn, the thermal experience of the dwellers as well as the dwellings energy 
consumption. 
8. An example of shading of outdoor areas and walls of a home with trees shows a 
positive effect on the energy consumption in the adjacent home.  
9. Installation of a more efficient AC system that was regularly maintained was 
shown to reduce the energy consumed in three homes.  
10. The use of ceiling fans in three homes demonstrably reduced the operating periods 
for the AC during the autumn and spring months.  
11. The highest performing homes had higher levels of roof and wall insulation. 
12. Most of the homes were constructed with concrete blocks, so it was difficult to 
extrapolate from the collected data the impact of different building materials on 
the energy consumption in dwellings. 
13. The results of this study suggest that an appropriate passive strategy for building 
design can be enough for desirable indoor conditions. 
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14. The energy consumption in the dwellings was not clearly linked to the comfort 
experienced in them. 
15. Comprehension of what creates and enables comfort to be experienced in the 
studied dwellings is undeniably a complex phenomenon. While clear connections 
between the physical condition of the buildings and its services and the indoor 
thermal environment are evident, however, attitudes, social contexts and 
associated behaviours appear to be leading factors in the recorded occupied 
temperatures in these homes and, in turn, to the everyday comfort or discomfort 
experienced in them.  
So this is what has been found through investigating seventeen of Dammam’s homes 
during the summer season of 2013. The following chapter will draw up and form the 
main conclusions from the whole study and address the research questions and point the 
limitation and recommendations of the research as well as indicate ways to further work 
needed. 
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 CONCLUSIONS  
"People who jump to conclusions rarely alight on them."   
Philip Guedalla 
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 Introduction  
Driven by the shortage of thermal comfort studies in the Gulf, this mixed method 
assessment study was dedicated to investigating the influence of physical design and 
occupants’ behaviour on the thermal comfort experienced and the energy consumption 
of nineteen dwellings in the hot-humid Dammam region. The determination of the 
design guidance for the homes was addressed according to the thermal satisfaction of 
users in indoor spaces and the amount of energy consumed in the active cooling load in 
dwellings. Therefore, the main aim of this research was to find ways to achieve 
occupants’ thermal comfort through improved building and system design and use, with 
the least energy consumption possible, in the Eastern region of Saudi Arabia. The 
research questions were established and presented in the introduction chapter, each 
contributing to guiding the researcher to meet the research objectives. This chapter 
accomplishes the work by showing the research findings as answers to the starting point 
of the research questions. Moreover, this chapter presents the conclusions achieved 
during the research process and illustrates the contribution to the body of knowledge. 
The limitations which challenged the researcher during the research process are also 
reviewed. In addition, the chapter will offer recommendations for the relevant 
authorities, guidelines for architects and advice to existing and future home owners. 
Finally, this chapter will also point to directions for future research in the field and 
further work to be carried out by the researcher. 
 Research conclusion  
The first point to make is that the research has successfully met the main aims proposed 
for the study. The approach of this research was to investigate the design principles that 
enhance thermal comfort in domestic buildings with the least energy consumption 
possible, in the Eastern region of Saudi Arabia, taking into account the local extreme 
hot-humid climate conditions of Dammam city, together with the dwellings’ physical 
characteristics and the occupants’ comfort satisfaction and behaviour. Chapter Six 
detailed the different dwellings’ features and their impact on the occupants’ thermal 
experience. Furthermore, chapter Seven detailed the potential of the dwellings and the 
adaptive opportunities of the studied homes in order to enhance the thermal experience 
of the occupants and the energy conservations in Dammam homes. This contribution to 
the knowledge of the thermal and energy performance of the studied Dammam’s 
dwellings could be appropriate for all Dammam’s homes, and may also be applicable 
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throughout the wider Gulf region as long as the same characteristics applied. The 
remainder of this section discusses the conclusions behind the completion of the 
research in reference to each of the research questions. 
 Research question one: 
What is the indoor condition experienced and what level of thermal comfort are 
currently achieved in existing dwellings in Dammam? 
This question was answered generally in chapter Five, and in detail in chapter Six, where 
each home was investigated separately. The occupied indoor air temperature variation 
recorded during the fieldwork ranged between just below 20°C to an outlier temperature 
of 39 °C during the hot season of August 2013. In the cool season of January 2014, 
however, the recorded occupied indoor air temperature ranged from a low of 18.2°C to 
a high of 29.5°C. The mean occupied temperature was 26.87°C in the hot season and 
21.8°C for the cool season, with 5K difference between seasons, which makes an 
excellent opportunity for significant results in this study. As the mean outdoor and 
indoor air temperatures were 35.4°C and 27.4°C respectively, and a fifth of the occupied 
temperatures were found to be above 30°C, it is evident that people in Dammam do live 
in what people of many other regions of the world would consider as very hot conditions. 
The measurements taken also provide a valuable insight into the range of indoor relative 
humidity (RH) experienced in the studied homes, from 23% to 84% and from 56.2% to 
96% for the hot season and cool season respectively. With the operation of the AC 
system, the mean RH of the whole sample, of 62% in both seasons, appears to be higher 
than the optimal standard of 55% that the HVAC standards aim for. 
The first and significant point is that just over 70% of subject responses during both 
seasons in indoor conditions indicated one of the three central categories, slightly cool, 
neutral and slightly warm. Around the third of the responses reported being in a neutral 
condition during both seasons. As the difference in the average indoor air temperature 
in both seasons is fairly slight, the mean sensation reported in both seasons is slightly 
similar, that is, 0.02 and -0.03 for the hot and cool season respectively. The thermal 
sensation responses of all these dwellings have a significant, positive, weak correlation 
with the corresponding mean indoor temperatures, which indicates and supports the 
propositions that people are living in hot conditions and are adapting themselves to the 
mean indoor temperatures. 
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 Research question two: 
What is the range and norms energy consumption and the operational cost in 
Dammam’s homes today? 
Chapter Six presented the energy consumption patterns for eighteen existing and 
occupied dwellings in Dammam to answer this question, as details for only one dwelling 
were not accessible. The investigation included an exploration of energy consumption 
by consulting the official electricity bills to determine actual energy use during the year 
under investigation. The electricity bills, on one hand, showed a fairly coherent energy 
consumption across the utilised sample through the year with less energy consumption 
in the cool season. On the other hand, they indicated energy consumptions that varied 
according to building envelope and performance, as well as occupant behaviour, ranging 
between the lowest annual energy consumption of 14,907 kWh to as high as 118,656 
kWh per annum. Moreover, due to the variation between dwellings, the electricity 
consumption according to kWh/m2 per year, ranged between 89.3 kWh/m2 up to 206.4 
kWh/m2, with an average of 123.33 kWh/m2 per annum. 
The operational cost of the studied homes was taken as the operational cost of the 
cooling system in each home, which included the cost of electricity bill and the cost of 
the AC system maintenance per annum. As 70% of the cost of the electricity bill was 
subject to the cooling demands, the amount of energy consumption depended on the 
number of cooling hours per day and the number of cooled rooms in the individual 
home, as well as the efficiency of the cooling system, besides all the other constraints 
that demand a greater cooling load, which in turn raises operational cost. In this study, 
the price of the annual electricity bill ranged between 970 SAR (£177) to 14,425 SAR 
(£2,622) per annum. Adding the cost of maintaining the cooling system, the operational 
cost ranged between 2,574 SAR (£468) to 19,825 SAR (£3,604), with an average cost 
of 7,706.7 SAR (£1,401) per annum. However, with the new electricity tariff that will 
possibly affect around half of the studied dwellings, almost all low performance 
dwellings, the annual operational cost could reach up to 28,480.9 SAR (£5,178.3), with 
an average of 10,193.6 SAR (£1,853.4) without the cost of replacement of any faulty 
parts during maintenance. 
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 Research question three: 
What characteristics of the Dammam dwellings enhance the thermal experience and 
lead to lower operational costs? 
This question was answered in depth in chapter Seven by discussing the design 
opportunities in the nineteen Dammam dwellings. The key finding was that a high 
performance envelope results in lower energy running costs and typically increases 
comfort levels, and vice versa. The orientation of the dwelling, and especially its 
fenestrations, was found to have a strong impact on the dwelling’s indoor thermal 
condition. More importantly, smaller and fewer fenestrations together with their better 
orientation, proved to be critical factors for the best thermal experience of the dwellers. 
Furthermore, the optimal use of buffer zones for living areas, has been shown to improve 
the comfort levels experienced in homes. The presence of insulation has also been 
shown to impact on the indoor condition and thus the comfort levels experienced. 
Installation of a more efficient AC system that is regularly maintained was shown to 
reduce the energy consumed in three homes. Finally, the use of ceiling fans along with 
a good design envelop has been clearly seen to enhance the thermal experience and 
reduce the annual energy consumption in homes.  
 Research question four: 
What adaptive opportunities are there for the individual homes/occupants’ behaviour 
to be improved in order to enhance the thermal experience as well as reducing energy 
consumption? 
Chapter Seven investigated the adaptive opportunities of the nineteen dwellings and 
their occupants’ behaviour, looking for ways of enhancing thermal comfort and 
reducing energy consumption. It was recognised that the high percentage of fenestration 
among the dwellings in this study may have contributed to the increase in the amount 
of energy consumption in those dwellings. Therefore, considering blocking or perhaps 
blinding all unnecessary extra openings in rooms permanently, especially those extra 
windows in the west façade, may boost the dwellings’ performance. This study also 
supports the concept of having an efficient AC system that is regularly maintained, 
which may improve internal comfort and reduce the energy bills as well. Furthermore, 
it is fundamental to consider creating shading around dwellings by planting around the 
current western and eastern walls of dwellings, to reduce the impact of the external 
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insolation. The use of heavy curtains in rooms, moreover, was in a single case an 
economical solution that can be implemented in rooms to enhance the indoor conditions.  
In addition, people appear not to be fully dependent on air-conditioning systems, and 
actively adapt their internal environments to allow or prevent natural ventilation to 
achieve adequate ventilation levels. However, only rare occurrence of opening windows 
was detected in the dwellings and people in Dammam prefer the use of doors to semi-
outdoor and uncooled spaces for climate and privacy reasons. Therefore, with the 
extreme outdoor conditions, the use of fans has played a vital role as much in providing 
a comfortable environment as in reducing the number of hours/months of operating the 
AC system throughout the year. Accordingly, equipping fans in all living areas has been 
found to significantly enhance the dwelling’s thermal and energy performance.  
On the other hand, the lifestyle and attitudes of the occupants, their social contexts and 
associated behaviours, appear to be key factors which affect the everyday comfort or 
discomfort experienced in these homes. Being willing to accept being in a fairly warm 
temperature during a hot day, operating the ceiling fans instead of AC during acceptable 
indoor conditions, and planting the surrounding area of the house to provide pleasant 
outdoor conditions all clearly indicate the role of the occupants’ attitude in the home 
lifestyle and, in turn, the home’s performance. Interestingly, with poor indoor 
conditions, the occupants’ state of mind showed a great adaptation to the indoor 
conditions, considering the existing high temperature to be within their comfort zone, 
and the occupants simply succumbed to the inevitable situation within the home. 
 Contributions to knowledge 
The research has made the following contributions to further knowledge in the area of 
domestic comfort research: 
1. The identification of a wide scope of dimensions attributed to domestic comfort 
in Dammam area. The research has generated a more comprehensive description 
of thermal comfort and its relation with the energy consumed in dwellings, with 
an exploration of the physical design of the home and occupants’ behaviour. 
These dimensions are collectively significant to occupants seeking to create a 
comfortable home environment. 
2. It was found that for each home there were variations in lifestyle and attitudes, 
dwelling characteristics and social-cultural effects. Individuals in a particular 
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dwelling have their own strategies and apparatuses to achieve thermal comfort. 
Hence, it is not recommended to generalise the thermal comfort experience and 
standards of all people in different microclimates within a city and it is important 
to raise the level of knowledge of proper ways of achieving thermal comfort 
among the population in order to reduce residential energy consumption. 
3. Generating a classification of domestic comfort in such an environment. This 
classification of domestic comfort has provided a complex representation of 
comfort, as discovered through this research. The facets acknowledged in this 
study are illustrative of a small sample of occupants of Dammam’s homes, 
providing a set of characteristics acknowledged as key factors to home comfort. 
 Research limitations 
The research was shaped by what was significant to the overall research aims; however, 
it was limited by what was possible for the researcher. As this research has examined 
existing residential envelopes in the Dammam region, there are some boundaries to the 
research results along with several limitations encountered by the researcher during the 
research process. 
1. The topic was explored within the time constraints of a PhD study and the sample 
was constrained by time and resource limitations. Therefore, as the study involves 
the effect of the climate, and the surveys were done for only two seasons, it would 
be better to do a survey covering the whole year in order to get a richer picture. 
2. The communication and cooperation with the volunteered occupants to get a 
sufficient amount of appropriate data was challenging, which might be 
attributable to the complex Saudi socio-cultural environment and barriers. For 
instance, it was difficult to obtain floor plans for all dwellings, due to the lack of 
assistance, as well as the availability of drawings, therefore, with only the support 
of some individual occupants the researcher had to take the measurements of the 
floor plans and draw them manually. 
3. It was not possible to have the same samples in both seasons, as most of the 
participants felt it was a heavy duty to report their feelings of comfort twice daily 
as well as taking responsibility for the equipment in the hot season, although this 
had been explained in the first stage. Such constraints led to a smaller sample size 
for the cool season, which affected a full assessment of the causality of comfort 
and its relationship with high or low dwelling performance in the cool season. 
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4. The study is limited to the geographical coastal area of Dammam and the findings 
might not be applicable with inland cities within the eastern region. Therefore, 
with greater resources and more time, a larger sample size could have been used, 
which would have provided a better representation of households for the whole 
eastern region.  
 Research recommendations 
The research offers a framework on which to base the design of comfortable homes in 
the Gulf hot-humid climates in general and in the Dammam context in particular. On 
the basis of the findings of this study, recommendations can be classified into four 
categories, for the different groups of people involved: decision makers, architects and 
consultants, clients and consumers, and finally, researchers in the field. The following 
general recommendations are made to suit both future and existing domestic buildings 
in Dammam, and to meet the requirement to achieve both thermal comfort and high 
energy performance. 
 Recommendations for the decision makers 
1. The building codes in Saudi Arabia should be seriously revised to consider the 
impact of microclimates in domestic buildings, to ensure designing high-
performance homes, mainly regarding the solar orientation of the building as well 
as the orientation and ratio of the fenestration within the façade. 
2. Revise and update the approval conditions for new housing permits, adding 
energy consumption qualities to the design requirements. 
3. Revise and upgrade the city planning regulations for new developments in 
Dammam considering the solar orientation of the lots instead of the Qiblah 
direction, as a way to reduce the residential energy consumption. 
4. Raise public awareness regarding the level of energy consumption in the home, 
and educate the public about the importance of reducing energy consumption to 
benefit the individual household budgets. 
 Recommendations for architects and consultants  
1. It is crucial to introduce, guide and encourage the clients commissioning the home 
at the stage of decision making to the appropriate choices in designing high-
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performance dwellings to obtain thermal comfort and future economic 
satisfaction. 
2. A north-south orientation should be considered in the location of all liveable 
rooms in the home schematic design, regardless of the direction of the street. 
3. Make sure during the construction stages to include efficient, high resistance 
insulation in the whole building envelope, including roof, walls, floors and all 
openings, to prevent or decelerate the heat traversing from the outdoor 
environment. 
4. For installing the insulation, it is recommended to hire qualified professionals to 
take account of VP reversal and risk of interstitial condensation.  
5. Use an efficient insulated double or maybe a triple glazing to preclude any direct 
solar radiation entering the home. 
6. The window-wall ratio should be reduced as much as possible, as a ratio of more 
than 20% showed an increment in the energy consumption of dwellings for 
cooling demand. 
7. Design effective external shading devices and use landscaping to cool the 
surrounding environment and to assist in the reduction of energy consumption for 
air conditioning systems. 
8. Living zones which are mostly occupied during the day should not be exposed to 
the western harshest thermal location of a home, so it is suggested to locate buffer 
spaces around living areas to limit the outdoors heat coming into these spaces. 
 Recommendations for clients and consumers 
1. It is very strongly suggested to consult professionals at the stage of home choice 
decisions instead of choosing cheap products or relying on the construction 
contractor. 
2. It is beneficial for existing low-performance dwellings to be retrofitted to meet 
the above guidance as much as possible, in order to enhance the indoor conditions 
as well as to reduce the electricity bill. 
3. Using fans in the presence of acceptable thermal conditions has been shown to 
lead to a remarkable reduction in energy consumption, so it is suggested to reduce 
the annual energy bill by the use of fans between extreme seasons. 
4. Setting the AC system thermostat at a higher temperature would help to reduce 
the cooling load on the dwelling and thus the lifespan of the cooling system. 
Chapter eight: Conclusions 
 
182 
5. It is advisable to attempt to change the daily lifestyle in favour of less cooling 
demand to reduce energy consumption. 
 Recommendations for researchers in the field 
1. In the present study, the longitudinal survey represented only a small part of the 
work. It is important for assessing the impact of longitudinal surveys on the 
accuracy of the results that this kind of survey could be repeated on a larger scale 
in the eastern region. 
2. As mentioned above, the data were only for hot and cool periods, so a study of the 
whole-year data would be desirable. 
3. The potential of domestic solar panels for heating water during the winter period 
seems to be a large field of investigation to reduce energy use in residential 
buildings in Dammam.  
4. It would be useful to study the homes of low income people and find out what is 
the thermal comfort experienced in those homes and what behaviours people 
attempt to enhance the thermal comfort. 
5. Shading devices and solar characteristics of glazing in this region should also be 
investigated for different orientations, to reach an ideal window design for 
residential buildings in the local microclimate of Dammam. 
6. The presence of adaptation for thermal comfort in homes has been limited in this 
study, so more research on adaptations over short periods of time and place in 
response to adaptive behaviour is recommended. 
7. Looking at how effective blinding of unnecessary windows would be to increase 
comfort and reduce cooling demands. 
 Future work and research 
Concerning the findings of this research and the current energy consumption situation 
in Saudi Arabia’s residential sector, a need for a paradigm shift is essential to lead from 
the present situation to a low energy environment in the future. Hence, as the researcher 
is a lecturer at Dammam University in the eastern region of Saudi Arabia, the aim is to 
cooperate with the Dammam Municipality and Ministry of Housing, focusing on 
designing strategies for the housing sector to ensure and develop low energy design 
regulations in both authorities. Alongside these strategies, this aim requires the support 
of decision makers for a long-timescale plan to increase awareness of individuals as 
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well.  
On the other hand, the researcher has already established a specialised consultation 
centre for existing poorly-designed dwellings to improve the thermal comfort 
experienced in homes. It is hoped to spread the above recommendations to the existing 
architects’ office, in order to cooperate with them for the post-construction services and 
refurbishments. In this sense, the hope is that the expansion of the study sample would 
create a large database for the Gulf researchers to explore in depth the issues of thermal 
comfort. Furthermore, future work could focus on researching and investigating new 
and creative architectural interventions that could improve a building’s energy 
performance, taking into consideration local climates, weather patterns and architectural 
heritage. On the other hand, collaboration with different disciplines would also enhance 
and enrich the knowledge in such environments and cultures. A proposal has been 
already discussed with an academic colleague in education to find out what thermal 
environments are experienced in Dammam climate and what impact of a poorly-
designed educational buildings have on the final educational products. 
 
 
184 
REFERENCES 
Abu-Ghazzeh, T.M., (1997). Vernacular architecture education in the Islamic society 
of Saudi Arabia: Towards the development of an authentic contemporary 
built environment. Habitat International, 21(2), pp.229–253. 
Ahmad, E.H., (2002). Cost analysis and thickness optimization of thermal insulation 
materials used in residential buildings in Saudi Arabia. The 6th Saudi 
Engineering Conference, KFUPM, Dhahran, December 2002, 1, pp.21–32. 
Al-Ajlan, S.A. et al., (2006). Developing sustainable energy policies for electrical 
energy conservation in Saudi Arabia. Energy Policy, 34(13), p.30. 
Al-ajmi, F.F. et al., (2008). Thermal insulation and clothing area factors of typical 
Arabian Gulf clothing ensembles for males and females: Measurements 
using thermal manikins. , 39, pp.407–414. 
Al-Hathloul, S. & Aslam Mughal, M., (1999). Creating identity in new communities: 
case studies from Saudi Arabia. Landscape and Urban Planning, 44(4), 
pp.199–218. 
Al-Hathloul, S. & Edadan, N., (1995). Urban Development in Saudi Arabia; 
Challenges and Opportunities 1st ed., Riyadh, Saudi Arabia: Dar Al Sahan. 
Al-Naim, M., (2008). Riyadh: A City of “Institutional” Architecture. In Y. 
Elsheshtawy, ed. The Evolving Arab City Tradition, Modernity and Urban 
Development. Oxfordshire: Routledge. 
Al-Naim, M.A., (1998). “Continuity and Change of Identity in the Home 
Environment” Development of the Private House in Hofuf, Saudi Arabia. 
PhD thesis. University of Newcastle upon Tyne. 
Al-Naim, M. & Mahmud, S., (2007). Transformation of traditional dwellings and 
income generation by low-income expatriates: The case of Hofuf, Saudi 
Arabia. Cities, 24(6), pp.422–433. 
Al-Naimi, I.M., (1989). The Potential for Energy Conservation in Residential 
Buildings in Dammam Region, Saudi Arabia. PhD thesis. University of 
Newcastle upon Tyne. 
Al-Shuaiby, A.M., (1976). The Development of the Eastern Province with Particular 
Reference to Urban Settlement & Evolution in Eastern Saudi Arabia. PhD 
thesis. University of Durham. 
Alahmad, A., (2013). No promises not to outages during this summer, Subscribers to 
postpone the ironing and washing during the afternoon. Alriyadh 
newspaper. Available at: http://www.alriyadh.com/834236. 
References  
 
185 
Albaaz, R.S., (2008). The problem of poverty in Saudi Arabia is bigger than thought. 
Available at: http://islamtoday.net/nawafeth/artshow-58-13251.htm 
[Accessed November 3, 2012]. 
 
Alhaydar, M., (2011). Utility Billing rate. Alriyadh newspaper. Available at: 
http://www.alriyadh.com/2011/05/16/article633210.html. 
Allen, E., (1995). How buildings work: the natural order of architecture, Oxford, UK: 
Oxford University Press. 
Alyousef, Y. & Stevens, P., (2011). The cost of domestic energy prices to Saudi 
Arabia. Energy Policy, 39(11), pp.6900–6905. 
ASHRAE, (2008). ASHRAE Environmental Guidelines for Datacom Equipment. 
ASHRAE, (2009). ASHRAE handbook fundamentals, American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, Inc. 
ASHRAE, (2004). ASHRAE STANDARD Thermal Environmental Conditions for 
Human Occupancy. Ashrae Standard, 2004(ISSN 1041-2336), p.30. 
Auliciems, A., (1983). Psycho-physiological criteria for global thermal zones of 
building design. International Journal of Bio-meteorology, 26, pp.69–86. 
Auliciems, A. & Szokolay, S. V., (2007). Thermal Comfort, Brisbane. 
Barth, H. & Böer, B., (2002). Sabkha Ecosystems: Volume I: The Arabian Peninsula 
and Adjacent Countries, Netherlands: Kluwer Academic Publishers. 
Baruch Givoni, (1969). Man, Climate and Architecture, Amsterdam: Elsevier. 
Bedford, T. & Chrenko, F.A., (1974). Bedford’s basic principles of ventilation and 
heating. London: H.K. Lewis. 
Benzinger, T., (1979). "The physiological basis for thermal comfort" in Indoor 
climate, ed. P.O. Fanger and O. Valbjorn, pp. 441-476, Danish Building 
Research Institute, Copenhagen. 
Brager, G. et al., (1993). A Comparison of Methods for Assessing Thermal Sensation 
and Acceptability in the Field. Proceedings of Thermal Comfort: Past, 
Present and Future. UC Berkeley: Center for the Built Environment. 
Busch, J.F., (1992). A tale of two populations: thermal comfort in air-conditioned and 
naturally ventilated offices in Thailand. Energy and Buildings, 18(3–4), 
pp.235–249. 
Cena, K., (1994). Thermal and non-thermal aspects of comfort surveys in homes and 
References  
 
186 
offices. Thermal Comfort: Past, Present and Future, pp.73–87. 
Central Department of Statistics & Information, (2008). The forty fourth issue of the 
Saudi Statistical YearBook, Riyadh, Saudi Arabia: Central Department of 
Statistics & Information. 
Croome, D.J., (1996). Freshness, ventilation and temperature in offices. Building 
Services Engineering Research & Technology. 
Croome, D.J. & Swaid, H., (1993). The Potential of User-Controlled Environmental 
Systems. CLIMA2000. London. 
Dammam Municipality, (1993). Dammam metropolitan area., 10(1), pp.60–66.  
Dear, R. De, Knudsen, H. & Fanger, P., (1989). Impact of air humidity on thermal 
comfort during step-changes. ASHRAE Transactions, 95(2), pp.336–350. 
De Dear, R.J. et al., (1998). Developing an adaptive model of thermal comfort and 
preference/Discussion. ASHRAE transactions, 104, p.145. 
de Dear, R.J., Leow, K.G. & Foo, S.C., (1991). Thermal comfort in the humid tropics: 
Field experiments in air conditioned and naturally ventilated buildings in 
Singapore. International Journal of Biometeorology, 34(4), pp.259–265. 
de Dear R., (1986).  Ping-pong globe thermometers for mean radiant temperature. 1j. 
Architectural Science Review, 29(3).  
Eben Saleh, M.A., (1998). Place identity: The visual image of Saudi Arabian cities. 
Habitat International, 22(2), pp.149–164.  
Eben Saleh, M.A., (2001). The evolution of planning & urban theory from the 
perspective of vernacular design: MOMRA initiatives in improving Saudi 
Arabian neighbourhoods. Land Use Policy, 18(2), pp.179–190.  
Eben Saleh, M.A., (2002). The transformation of residential neighborhood: the 
emergence of new urbanism in Saudi Arabian culture. Building and 
Environment, 37(5), pp.515–529.  
ECRA, (2011). Annual Reports. Available at: http://www.ecra.gov.sa/reports.aspx. 
Egner, R. & Russell, B., (1975). Bertrand Russell’s best: silhouettes in satire, London, 
UK.: Allen & Unwin Publishers Ltd. 
EN ISO 7730, (1995). Moderate Thermal Environments Determination of the PMV 
and PPD indices and specification of the conditions for thermal comfort. 
ISO 7730. 
Fanger, P., (1988). Olf and decipol: New units for perceived air quality. Building 
Services Engineering Research and Technology, 9(4), pp.155-157. 
References  
 
187 
Fanger, P., (1970). Thermal comfort: analysis and applications in environmental 
engineering. Thermal comfort. Analysis and applications in environmental 
engineering. 
Fasiuddin, M. & Budaiwi, I., (2011). HVAC system strategies for energy conservation 
in commercial buildings in Saudi Arabia. Energy and Buildings, 43(12), 
pp.3457–3466.  
Fountain, M. et al., (1999). An Investigation of Thermal Comfort at High Humidities. 
ASHRAE Transactions, 105, p.94. 
Gatley, D., (2004). Psychrometric Chart Celebrates th 100 Anniversary. ASHRAE 
Journal, 46(November), pp.16–21. 
Geldard, F.A., (1972). Temperature sensitivity. In The human senses. New York: 
Wiley. 
Ghiaus, C. & Inard, C., (2004). Energy and environmental issues of smart buildings. 
In A Handbook for Intelligent Building. pp. 26–51.  
Gibson, J.J., (1979). The Ecological Approach to Visual Perception, Psychology Press. 
Gilchrist, K. et al., (2013). Scotland 2030: Picturing life in a low carbon Scotland, 
Available at: www.climatexchange.org.uk. 
Givoni, B., (1998). Climate considerations in building and urban design, John Wiley 
& Sons. 
Givoni, B. et al., (2006). Thermal sensation responses in hot, humid climates: effects 
of humidity. Building Research & Information, 34(5), pp.496–506. 
Givoni, B. & Belding, H.S., (1962). The cooling efficiency of sweat evaporation. In 
1st International Confress of Bio-Meteorology. London: Pergamon Press, 
pp. 429–433. 
Gonzalez, R. & Gagge, A.P., (1973). Magnitude estimates of thermal discomfort 
during transients of humidity and operative temperature and their relation to 
the new ASHRAE effective. ASHRAE Trans, 79(1), pp.88–96. 
Google Maps, (2016). Dammam’s aerial map. Available at: 
https://www.google.co.uk/maps/@26.3956646,50.0971557,25784m 
[Accessed January 2, 2016]. 
Hamel, J., Dufour, S. & Fortin, D., (1993). Case study methods. Qualitative Research 
Methods Series 32. London, Handy: Sage. 
Hammad, F. & Abu-Hijleh, B., (2010). The energy savings potential of using dynamic 
external louvers in an office building. Energy and Buildings, (42), pp.1888–
1895.  
References  
 
188 
Hawasly, M., Corne, D. & Roaf, S., (2010). Social networks save energy: optimizing 
energy consumption in an ecovillage via agent-based simulation. 
Architectural Science Review, 53(1), pp.126–140. 
Hays, K.M. ed., (1998). Architecture Theory since 1968, Cambridge, MA: MIT Press.  
Heijs, W., (1994). The dependent variable in thermal comfort research: some 
psychological considerations. Thermal comfort: past, present and future, 
Olesand NA et Humphreys MA (Eds.), Building Research Establishment, 
Watford, UK, pp.40-51. 
Hensen, J.J.L.M., (1990). Literature review on thermal comfort in transient conditions. 
Building and Environment, 25(4), pp.309–316. 
Hensen, J.L.M., (1990). Literature review on thermal comfort in transient conditions. 
Building and Environment, 25(4), pp.309–316. Available at: 
http://linkinghub.elsevier.com/retrieve/pii/036013239090004B. 
Heschong, L., (1997). Thermal delight in architecture, Cambridge: The MIT Press. 
pp.177-184. 
Huh, J.H. & Brandemuehl, M.J., (2008). Optimization of air-conditioning system 
operating strategies for hot and humid climates. Energy and Buildings, 
40(7), pp.1202–1213. 
Humphreys, M., (1994). Field studies and climate chamber experiments in thermal 
comfort research. Thermal comfort: past, present and future. Proceedings 
of a conference held at the Building Research Establishment, Garston (pp. 
9-10). 
Humphreys, M., (1976). Field studies of thermal comfort: compared and applied. 
Journal of the Institute of Heating and Ventilating Engineers, 44, pp.5–27. 
Humphreys, M., Nicol, F. & Roaf, S., (2015). Adaptive Thermal Comfort 2nd ed., 
Oxon, UK: Routledge, Taylor & Francis. 
Huntington, E., et al. (1951). Principles of human geography. Principles of Human 
Geography. a Revision by Earl B. Shaw. Cartographic Revision by Jameson 
MacFarland. New York; Chapman & Hall: London. 
IEA, (2014). OECD/ IEA Statistics. International Energy Agency. Available at: 
http://www.iea.org/stats/index.asp [Accessed February 19, 2016]. 
ISO DIS 10551, (2001). Ergonomics of the thermal environment: Assessment of the 
influence of the thermal environment using subjective judgment scales., 
Geneva. 
Karl, T., Melillo, J. & Peterson, T. eds., (2009). Global climate change impacts in the 
United States, Cambridge: Cambridge University Press. 
References  
 
189 
Kitchenham, B., (2010). What’s up with software metrics? A preliminary mapping 
study. Journal of systems and software, 83(1), pp.37–51. 
Konash, F., (1980). Evaluation of Western Architecture in Saudi Arabia: Guideline 
and Critique. PhD thesis. University of New Mexico. 
LBEE, (2009). Current State of Play, Definitions and Best Practice. Low Energy 
Building in Europe, (25). 
Mahmud, S., (2009). Conservation of the old buildings by Transformation and Income 
Generation: Case of Dammam in the Eastern province, Saudi Arabia. 
Architecture, pp.1–24. 
McArdle, B., Dunham, W. & Holling, H., (1947). The prediction of the physiological 
effects of warm and hot environments. Medical Research Council Rep 47, 
391. 
McIntyre, D., Indoor Climate. London: Applied Science Publishers, 1980. 
MEP, (1965). First Development Plan, Riyadh, Saudi Arabia. Available at: 
http://www.mep.gov.sa. 
MEP, (2010). Ninth Development Plan (2010-2014), Riyadh, Saudi Arabia. Available 
at: http://www.mep.gov.sa. 
MEP, (2000). Seventh Development Plan (2000-2004), Riyadh, Saudi Arabia. 
Available at: http://www.mep.gov.sa. 
MEP, (2014). Tenth Development Plan (2015-2019), Riyadh, Saudi Arabia. Available 
at: http://www.mep.gov.sa. 
MMRA, (2012). Municipality of Eastern Region. Ministry of Municipal and Rural 
Affairs. Available at: http://www.eamana.gov.sa. 
Moe, K., (2010). Thermally Active Surface in Architecture. Princeton Architectural 
Press. 
MOWE, (2015). Electricity prices for domestic use. Ministry of Water and Electricity. 
Available at: http://www.mowe.gov.sa [Accessed December 29, 2015]. 
MOWE, (2014). The Annual Report, Available at: www.mowe.gov.sa. 
MOWE, (2012). The electricity in the Kingdom, Available at: www.mowe.gov.sa. 
Neuman, W., (2013). Social research methods: Qualitative and quantitative 
approaches 7th edition., Edinburgh: Pearson education limited. 
Nicol, F. et al., (1994). A Survey of Thermal Comfort in Pakistan., July, Final report, 
Oxford Brookes University: School of Architecture, Oxford. 
References  
 
190 
Nicol, F., (2004). Adaptive thermal comfort standards in the hot-humid tropics. Energy 
and Buildings, 36, pp.628–637. 
Nicol, F., (1975). An analysis of some observations of thermal comfort in Roorkee, 
India and Baghdad, Iraq. BRE current paper, (4), pp.1–5. 
Nicol, F., (1993). Thermal Comfort- A Handbook for Field Studies toward An Adaptive 
Model, The School of Architecture, University of East London, UK. 
Nicol, F., (1994). Some like it hot, comfort and energy in Pakistan. Proceeding of a 
European conference on energy performance and indoor climate in 
buildings, Lyon, France. 
Nicol, F. & Humphreys, M., (1973). Thermal comfort as part of a self-regulating 
system. Building Research and Practice, 1(3), pp.174–179. 
Nicol, F., Humphreys, M. & Roaf, S., (2012). Adaptive Thermal Comfort: Principles 
and Practice, London, UK: Routledge. 
Nordstrom, K., Norback, D. & Akselsson, R., (1994). Effect of air humidification on 
the sick building syndrome and perceived indoor air quality in hospitals: a 
four month longitudinal study. Occupational and Environmental Medicine, 
51(10), pp.683–688. 
Olgyay, V., (1963). Design with climate - bioclimatic approach to architectural 
regionalism, Princeton, NJ: Princeton University Press. 
Oseland, N., (1997). Thermal Comfort: A Comparison of Observed Occupant 
Requirements with Those Predicted and Specified in Standards. PhD thesis. 
Cranfield University. 
OTA, (1979). Residential Energy Conservation, Washington, DC. 
Parsons, K., (1993). Human thermal environments: the effects of hot, moderate, and 
cold environments on human health, comfort, and performance, London, 
UK.: Taylor and Francis. 
Parsons, K., (1994). Thermal comfort standards: Past, present and future. Thermal 
comfort standards, pp.184–197. 
Patton, M., (1987). How to use qualitative methods in evaluation, Newsbury Park, 
London, New Dehli: Sage Publications, Inc. 
PME, (2010). The weather forecast. Presidency of Meteorology and Environment. 
Available at: http://www.pme.gov.sa [Accessed June 18, 2010]. 
Porteous, C., Sharpe, T. & Menon, R., (2014). Domestic laundering: Environmental 
audit in Glasgow with emphasis on passive indoor drying and air quality. 
Indoor and Built Environment, 23(3), pp.373–392. 
References  
 
191 
Porteous, C.D. a, (2011). Sensing a Historic Low-CO 2 Future. In D. N. Mazzeo, ed. 
Chemistry, Emission Control, Radioactive Pollution and Indoor Air 
Quality. InTech, pp. 213–246. 
Ragin, C. & Becker, H., (1992). What is a case?: exploring the foundations of social 
inquiry, Cambridge: Cambridge University Press. 
Raw, G., (1995). A questionnaire for studies of sick building syndrome: A report to the 
Royal Society of Health advisory group on sick building syndrome, London, 
UK. 
Raw, G.J. & Oseland, N.A., (1994). Why another thermal comfort conference? 
Thermal comfort: past, present and future, Proceedings of a conference held 
at the Building Research Establishment, Garston. pp. 9-10. 
Reddy, A.K.N., (2000). Energy and Social Issues. In J. Goldemberg, ed. World energy 
assessment: energy and the challenge of sustainability. United Nations. 
Department of Economic and Social Affairs, World Energy Council, pp. 40-
60. 
Roaf, S., (2014). Increasing the Resilience and Adaptive Capacity of Populations using 
Solar Energy. In The Solar City Imperative, in Secure & Green Energy 
Economies, Wang, Y-D. (Ed.). Washington: Island Press. 
Roaf, S., (1990). The traditional technology trap: Stereotypes of Middle Eastern 
building types and technologies. TRIALOG, 8(25), pp.26–33. 
Roaf, S. et al., (2010). Twentieth century standards for thermal comfort: promoting 
high energy buildings. Architectural Science Review, 53(1), pp.65–77. 
Roaf, S., Crichton, D. & Nicol, F., (2009). Adapting Buildings and Cities for Climate 
Change: A 21st Century Survival Guide Second Edi., Oxford, England: 
Elsevier. 
Roaf, S., Fuentes, M. & Thomas, S., (2013). Ecohouse: A Design Guide, Fourth 
edition, London, UK: Routledge, Taylor & Francis. 
SBCNC, (2007). Saudi Building Code, Riyadh, Saudi Arabia: The Saudi Building 
Code National Committee. Available at: http://www.sbc.gov.sa/index.htm. 
[Accessed December 22, 2014] 
Sharland, I., (1990). Principles of noise control. Woods practical guide to noise 
control, p.6.  
Sharma, M.R. & Ali, S., (1986). Tropical summer index, a study of thermal comfort 
of Indian subjects. Building and Environment, 21(1), pp.11–24. 
Sinclair, M., (1990). Subjective assessment. In: J. Wilson, E. Corlett (Eds.), 
Evaluation of Human Work: A practical ergonomics methodology, Taylor 
References  
 
192 
and Francis, pp. 58-88. 
Smith, M.K., (2008). sustainable communities and neighbourhoods. theory, policy and 
practice. The Encyclopedia of Informal Education: London, UK. 
Stake, R., (1995). The art of case study research, Sage Publications. 
Steadman, P., (2014). Building Types and Built Forms, Vancouver: Troubador 
Publishing Ltd. 
Stebbins, R. & Shaffir, W., (1991). Experiencing fieldwork: an inside view of 
qualitative research, London, UK. Sage Publications. 
Stoops, J.L., (2000). The Physical Environment and Occupant Thermal Perceptions in 
Office Buildings an Evaluation of Sampled Data from Five European 
Countries. Chalmers University of Technology Press.  
Taleb, H.M. & Sharples, S., (2011). Developing sustainable residential buildings in 
Saudi Arabia: A case study. Applied Energy, 88(1), pp.383–391. 
Talib, K., (1984). Shelter in Saudi Arabia, St Martin’s Press. 
Tanarhte, M., Hadjinicolaou, P. & Lelieveld, J., (2015). Heat wave characteristics in 
the eastern Mediterranean and Middle East using extreme value theory. 
Climate Research, 63(2), pp.99–113. 
VAISALA, (2013). Humidity Conversion Formulas; Calculation formulas for 
humidity, Helsinki, Finland. Available at: www.vaisala.com. 
Vaus, D., (2002). Surveys in social research, London, UK: Psychology Press. 
Vincent, P., (2008). Saudi Arabia: An Environmental Overview, London, UK: Taylor 
& Francis. 
Webb, C.G., (1959). An Analysis of Some Observations of Thermal Comfort in an 
Equatorial Climate. Occupational and Environmental Medicine, 16(4), 
pp.297–310. 
Yin, R., (2014). Case study research: Design and methods 5th edition., London, UK: 
Sage Publications, Inc. 
Zahid, Z.H., (1996). Urban Planning in Saudi Arabia, with Special Reference to the 
Nitag Omrani Programme. PhD thesis. University of Durham. 
Zeisel, J., (2006). Inquiry by design: Environment/behavior/neuroscience in 
architecture, interiors, landscape, and planning., New York: Norton & 
Company, Inc.
 
193 
APPENDICES 
• Appendix I 
o The Original English version of the general questionnaire and the 
transverse survey 
o The interview questions  
o The Arabic translation version of the general questionnaire and the 
transverse survey 
o The Arabic translation version of the interview questions 
 
• Appendix II 
o The interface of the ComfApp (The longitudinal survey) 
 
• Appendixes III 
o A standard list of Garment/Clothing Insulation values (Source: 
reproduced from Al-ajmi et al., 2008) 
o A standard list of Metabolic Rates values for various activities, (Source: 
ISO 8996 2004, cited in Nicol et al., 2012) 
 
• Appendix IV 
o The preliminary analysis of the summer field work 
 
• Appendix V 
o An example of the data obtained from the longitudinal survey and the 
data loggers (case 18) 
 
• Appendix VI 
o A copy of the proceeding paper participated in Windsor Conference 2014 
o A copy of the proceeding paper participated in Windsor Conference 2016 
  
Appendixes 
 
194 
Appendix I 
The Original English version of the general questionnaire and the transverse 
survey 
Appendixes 
 
195 
Appendixes 
 
196 
Appendixes 
 
197 
Appendixes 
 
198 
Appendixes 
 
199 
 
  
Appendixes 
 
200 
 The interview questions  
Appendixes 
 
201 
 
  
Appendixes 
 
202 
The Arabic translation version of the general questionnaire and the transverse 
survey 
Appendixes 
 
203 
Appendixes 
 
204 
Appendixes 
 
205 
Appendixes 
 
206 
Appendixes 
 
207 
 
  
Appendixes 
 
208 
 The Arabic translation version of the interview questions 
Appendixes 
 
209 
  
 
210 
Appendix II 
The interface of the ComfApp (The longitudinal survey) 
    
           -The ComfApp icon  -The final Arabic application interface 
    
-The original application interface  
Appendixes 
 
211 
Appendix III 
A standard list of Clothing Insulation values (Source: reproduced from Al-ajmi et al., 
2008) 
  
Sample of Arabian Gulf traditional male clothing Sample of Arabian Gulf traditional female clothing 
§ Characteristics of various Arabian Gulf male clothing materials used in the clothing shown in the 
figure above  
Ensemble 
type 
Code Type/construction Body surface 
area covered 
(%) 
Fibre/content Ensemble 
weight 
(kg) 
Summer 
clothing 
1 Underwear-pants 12 100% cotton 0.108 
2 Underwear-shirt with 
1/3 sleeves 
40 100% cotton 0.121 
3 Short trouser (short  
Serwal) 
25 Polyester, cotton 0.125 
4 Long trouser (long 
Serwal) 
44 Polyester, cotton 0.181 
5 Summer Thowb 81 Cotton,  wool, polyester 0.419 
6 Kuffiya (or  Taqia) 3 Cotton,  polyester, nylon 0.017 
7 While Ghutra 10 Cotton, silk, polyester 0.130 
8 Sandal(s) or slippers 4 Leather – 
Winter 
clothing 
9 Thowb or dishdasha 81 Wool 0.594 
10 Long sleeve cotton 
trouser 
44 Cotton 0.181 
11 Kuffiya (or  Taqia) 4 Cotton 0.017 
12 White/Red Ghutra or 
Shemagh 
10 Wool, polyester 0.194 
13 Eqal 2 Wool 0.117 
14 Coat or thermo-coat 
(or Jacket) 
64 52% Polyester, 29% 
viscose, 19%  cotton 
0.904 
15 Socks 14 Cotton, polyester – 
16 Shoes 7 Leather – 
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§ Characteristics of various Arabian Gulf female clothing materials used in the clothing shown in the 
figure above 
Ensemble 
type 
Code Clothing 
ensembles 
Body surface 
area covered 
(%) 
Fibre/content Weight 
(kg) 
‘Traditional’ 
clothing 
in‘winter’ 
17 Winter Daraa 81 Velvet, wool 0.578 
18 Abaya 86 Polyester 0.665 
19 Long trousers 51 Polypropylene 0.215 
20 Shiala 12 Polyester 0.071 
21 Burqa 7 Polyester 0.022 
22 Bra 5 Nylon 0.049 
23 Pants 15 Cotton 0.028 
15 Socks 20 Cotton, polyester 0.054 
16 Shoes 9 Leather – 
‘Traditional’ 
clothing in 
‘summer’ 
24 Summer Daraa 81 Polyester–cotton 0.213 
20 Shiala 12 Polyester 0.071 
21 Burqa 7 Polyester 0.022 
25 Abaya 86 Polyester 0.665 
22 Bra 5 Nylon 0.049 
23 Pants 15 Cotton 0.028 
8 Sandals 4 Leather – 
‘Islamic’ 
clothing 
in‘winter’ 
17 Winter Daraa 81 Cotton, polyester 0.713 
19 Long trousers 51 Polypropylene, cotton 0.215 
23 Pants 15 Cotton 0.028 
22 Bra 5 Nylon 0.049 
26 Hijab 12 Polyester 0.062 
15 Socks 20 Cotton, polyester 0.054 
16 Shoes 9 Leather – 
‘Islamic’ 
clothing in 
‘summer’ 
24 Summer Daraa 81 Cotton 0.213 
26 Hijab 12 Polyester 0.062 
23 Pants 15 Cotton 0.028 
22 Bra 5 Nylon 0.049 
8 Sandals 4 Leather – 
§ Thermal insulation values of Gulf male clothing ensembles in units of (clo) and m2 1C W-1 unit 
Ensemble 
type/code 
Ensemble 
no. Clothing ensembles 
fcl Ia  Icl  IT  
 clo m2 1C W-1 clo m2 1C W-1 clo m2 1C W-1 
Male 
summer 
clothing 
1 
Underwear-shirt with 1/3 sleeves, 
Short sleeve  trouser, Thowb, 
Sandals 
1.30 0.594 0.092 0.59 0.092 1.05 0.163 
2 
Underwear-shirt with 1/3 sleeves, 
Short trouser, Thowb, Kuffiya, 
White Ghutra, Eqal,   Sandals 
1.35 0.594 0.092 0.69 0.107 1.13 0.175 
3 
Underwear-shirt with 1/3 sleeves, 
Short trouser,   Long trouser, 
Thowb, Kuffiya, White Ghutra, 
Eqal, Sandals 
1.36 0.594 0.092 0.79 0.123 1.23 0.191 
Male 
winter 
clothing 
4 
Underwear-shirt with 1/3 sleeves, 
Short trouser,   Long cotton trouser, 
Thowb, Kuffiya, Ghutra/Shemagh, 
Egal, Shoes 
1.46 0.594 0.092 0.84 0.131 1.25 0.194 
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5 
Underwear-shirt with 1/3 sleeves, 
Short trouser,   Long cotton trouser, 
Thowb, Ghutra Shemagh, Egal, 
Jacket, Shoes 
1.45 0.594 0.092 1.29 0.200 1.70 0.264 
§ Total thermal insulation of Gulf female clothing in (clo) unit and m2 1C W-1 unit 
Ensemble 
type 
Ensemble
s code Clothing ensembles 
fcl Ia  Icl  IT  
 clo m2 1C W-1 clo m
2 1C W-
1 
clo m
2 1C W-
1 
‘Islamic’  
clothing in 
summer 
6 Summer Daraa, Shiala, Bra,   Pants, Sandals 1.48 0.60 0.092 0.80 0.123 1.20 0.186 
7 Summer Daraa, Hijab, Bra, Pants, Sandals 1.48 0.60 0.092 0.80 0.123 1.20 0.186 
‘Islamic’  
clothing in 
winter 
8 Winter Daraa, Hijab, Bra, Pants, Socks, Shoes 1.44 0.60 0.092 1.15 0.178 1.56 0.242 
9 Winter Daraa, Shiala, Bra, Pants,Socks, Shoes 1.43 0.60 0.092 1.17 0.181 1.58 0.245 
10 
Winter Daraa, Shiala, Long 
trouser, Bra, Pants, Socks, 
Shoes 
1.44 0.60 0.092 1.34 0.208 1.75 0.272 
Winter 
clothing 
without 
Shiala 
11 
Winter Daraa, Long 
trousers, Bra, Pants, Socks, 
Shoes 
1.39 0.60 0.092 1.17 0.186 1.59 0.247 
Summer 
clothing 
without 
Hijab 
12 Summer Daraa, Bra, Pants, Sandals 1.41 0.60 0.092 0.77 0.119 1.19 0.185 
‘Traditional
’ clothing in 
summer 
13 
Summer Daraa, Abaya, 
Shiala,   Burqa, Bra,  Pants, 
Sandals 
1.79 0.60 0.092 1.38 0.213 1.71 0.265 
‘Traditional
’ clothing in 
winter 
14 
Winter Daraa, Shiala, 
Burqa, Bra, Pants, Socks, 
Shoes 
1.55 0.60 0.092 1.01 0.156 1.39 0.216 
15 
Winter Daraa, Abaya, 
Shiala, Burqa, Long trouser, 
Bra, Pants, Socks,  Shoes 
1.94 0.60 0.092 1.80 0.279 2.11 0.327 
‘Traditional
’ clothing in 
summer 
(without 
Shiala  and 
Burqa) 
16 Winter Daraa, Abaya, Bra, Pants, Sandals 1.51 0.60 0.092 0.85 0.131 1.24 0.192 
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A standard list of metabolic rates values for various activities, (Source: ISO 8996 2004, 
cited in Nicol et al., 2012:105) 
Class rate 
Average metabolic 
(with range in brackets) Examples 
W. m-2 W 
0 
Resting 
65 
(55 to 70) 
115 
(100 to 
125) 
Resting, sitting at ease 
1 
Low 
metabolic 
rate 
100 
(70 to 130) 
 
180 
(125 to 
2325) 
 
Light manual work (writing, typing, drawing, sewing, 
book-keeping); hand and arm work (small bench tools, 
inspection, assembly or sorting of light materials); arm 
and leg work (driving vehicle in normal conditions, 
operating foot switch or pedal. 
Standing drilling (small parts); milling machine (small 
parts); coil winding; small armature winding; 
machining with low power tools; casual walking (speed 
up to 2,5 kmh–1). 
2 
Moderate 
metabolic 
rate 
165 
(200 to 
260) 
295 
(235 to 
360) 
Sustained hand and arm work (hammering in nails, 
filing); arm and leg work (off- road operation of lorries, 
tractors or construction equipment); arm and trunk work 
(work with pneumatic hammer, tractor assembly, 
plastering, intermittent handling of moderately heavy 
material, weeding, hoeing, picking fruits or vegetables, 
pushing or pulling lightweight carts or wheelbarrows, 
walking at a speed of 2,5 kmh–1 to 5,5 kmh–1, forging. 
3 
High 
metabolic 
rate 
230 
(200 to 
260) 
415 
(360 to 
465) 
Intense arm and trunk work; carrying heavy material; 
shovelling; sledgehammer work; sawing; planning or 
chiselling hard wood; hand mowing; digging; walking 
at a speed of 5,5 kmh–1 to 7 kmh–1. 
Pushing or pulling heavily loaded hand carts or 
wheelbarrows; chipping castings; concrete block laying. 
4 
Very high 
metabolic 
rate 
290 (>260) 520 (>465) 
Very intense activity at fast to maximum pace; working 
with an axe; intense shovelling or digging; climbing 
stairs, ramp or ladder; walking quickly with small steps; 
running;  walking at a speed great than 7 kmh–1. 
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Appendix IV 
The preliminary analysis of the summer field work 
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Appendix V 
An example of the data obtained from the longitudinal survey and the data loggers 
(case 18) 
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Appendix VI 
A copy of the proceeding paper participated in Windsor Conference 2014 
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A copy of the proceeding paper participated in Windsor Conference 2016  
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